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SOUND PRESSURE LEVELS, DEVELOPED BY A HEARP'IG-AID RECEIVER

WHEN COUPLED TO EARMOLDS, WHICH WERE MEASURED AT 

DIFFERENT LOCATIONS IN HUMAN EAR CANALS, IN A 

2-co COUPIER AND Zf A ZWISLOCKI COUPLER

CHAPTER I  

INTRODUCTION

An aco u stic  coupler i s  a  key component in  e lec tro aco u stic  

systems used to  evaluate the performance c h a ra c te r is t ic s  of hearing 

a id s .  Couplers, having a volume of 2 cubic centim eters (cc) and a 

simple c y lin d r ic a l shape, have been sp ec ified  f o r  th is  purpose by the 

American N ational Standards I n s t i tu te  (ANSI) (1 ,2 ) , These simple de

v ices  a re  inexpensive in  design and a re  intended to  present approxi

mately the same aco u stic  load to  an earphone a s  does the average human 

ea r.

The aco u s tic  c h a ra c te r is t ic s  of the  most commonly used 2-cc 

couplers do not exac tly  sim ulate the c h a ra c te r is t ic s  of the  human ear. 

D ifferences between sound pressure lev e ls  (SPL) measured in  these  coup

le r s  and SPL recorded in  re a l  ea r  canals have been reported  by many 

in v e s tig a to rs  (12 ,13 ,16 ,25 ,40 ,45 ,46), According to  Beranek (6 ), N ichols, 

e t  a l . in  1945 (41 ) showed th a t  the sound pressure lev e ls  measured in  a 

2-cc coupler agreed with re a l  ea r measurements only up to  3 .0  o r 4 ,0
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k ilo h e rtz  (kHz). S im ila rly , s tu d ies  by Van Eysbergen and Groen (^4), 

McDonald and Studebaker (35)i and Studebaker and Zachman (53) have shown 

th a t  coupler and human ear-can al response i s  generally  in  accord only 

through 1 .0  kHz, As frequency i s  increased  above 1 .0  kHz the sound p res

sure le v e l in  the coupler f a l l s  o ff p rogressively  re la t iv e  to  th a t in  

the ea r canal. Indeed, in  I 96I  the In te rn a tio n a l E lec tro techn ica l Com

m ission recommended th a t th e  2-cc coupler should be used only as a means 

f o r  th e  exchange of physical performance data on hearing a id s  ra th e r  

than  fo r  the p red ic tio n  of performance of a  hearing a id  as  i t  i s  worn 

by an ind iv idual (34).

In 1970, Zwislocki (60, 61) developed a coupler which was in 

tended to  sim ulate more accu ra te ly  the aco u stic  load presented by the 

average human ear. In 1972, Sachs and Burkhard (50) reported  th a t  ear 

canal data and Zwislocki coupler data were in  good agreement a t  le a s t  

to  5 .0  kHz, Above $ , 0  kHz sound pressure lev e ls  decreased in  r e a l  ears 

r e la t iv e  to  the coupler le v e ls .

Several in v estig a to rs  have measured the sound pressure lev e ls  

in  th e  ea r canal by placing  a probe tube through the earmold m ateria l 

in to  the ea r canal (9 ;27;35;49;50;53,57,58). Because placing the probe 

tube a t  the tympanic membrane i s  d i f f i c u l t  under these circum stances, 

these  in v estig a to rs  have term inated the probe tube in  the same plane as  

the sound-in let tube (o r earmold bore), th a t  i s ,  a t  the t i p  of the ea r

mold, Sachs and Burkhard (49) a sse r te d  th a t  probe tube placement in  

r e la t io n  to  the sound in le t  tube i s  c r i t i c a l  when making measurements in  

a c y lin d ric a l tube such as  a coupler. They reported  th a t placement of a 

probe tube next to  the sound-in le t tube and a t  the upper sidew all of a
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2-cc coupler y ielded d iffe ren ces  of up to  20 dB in  the  frequency region 

above 2 ,0  kHz. For v a lid  measurements in  ear can a ls , Sachs and Burkhard 

suggested th a t  the t i p  of th e  probe tube be extended 5 mm beyond th e  ear

mold t i p .

The possib le , but no t y e t demonstrated, discrepancy between 

SPL recorded a t  d if fe re n t probe-tube po sitio n s in  human ear canals  to 

gether with the absence of data  concerning sound pressure le v e ls  

recorded through an earmold a t  the eardrum prompted the cu rren t compar

ison of sound pressure le v e ls ,  developed by h earing -a id  receiver-earm old 

combinations, measured in  r e a l  ea rs  and in  coup lers. The frequencies 

above 1 ,0  kHz were of p a r t ic u la r  concern because o th er in v e s tig a to rs  have 

shoim coupler versus e a r canal d ifferences in  th i s  frequency range ( l6 , 

25,35,50,53,58).

S p ec if ic a lly , the  frequency response of the same re c e iv e r-  

earmold combinations m s  measured in  the  e a r canals  of nom al-hearing  

sub jec ts  and in  two aco u stic  couplers. The sound pressure le v e ls  ob

served a t  th ree po sitio n s in  the ea r canals were measured and compared 

with the sound pressure le v e ls  observed a t  the  same positions in  a  2-cc 

cav ity  and in  the Zwislocki coupler. In a d d itio n , the  sound pressure 

le v e ls  measured a t  the th re e  lo ca tio n s  in  the e a r  canals were compared 

with each o ther; the sound pressure lev e ls  measured a t  the th re e  lo ca

tio n s  in  the 2-cc cav ity  were compared with each o ther; and the sound 

pressure lev e ls  measured a t  the th ree  lo ca tio n s  in  the  Zwislocki coup

l e r  were compared with each o ther.



CHAPTER I I  

REVIEW OP THE LITERATUEE 

In troduction

Devices used to  sim ulate the aco u stic  p ro p erties  of the  human 

e a r  f o r  purposes of te s t in g  earphones have heen used fo r  many years (3, 

6 , 11 , 15 ,18 , 30,36) . In g lis ,  Grey, and Jenkins (22) developed one such 

device, c a lle d  an a r t i f i c i a l  e a r , in  1932 (6 ), This a r t i f i c i a l  ea r  had 

an aco u stic  network incorporated w ithin  i t s  design, and i t  presented to  

an earphone under t e s t  an acoustic  impedance very s im ila r  to  th a t  which 

would he presented by the average human ear (6 ) . Since 1932, numerous 

o ther a r t i f i c i a l  ears  which incorporated  acoustic  networks w ithin th e i r  

designs have been described (3,15»23»37f60,6l).

Because these  a r t i f i c i a l  ears were d i f f i c u l t  to  reproduce by 

d if fe re n t lab o ra to rie s  (6 ,18 ,45), i t  became accepted p rac tice  to  use 

a r t i f i c i a l  ears which were simple in  construc tion  and were e a s ily  s tan 

dardized (6 ), Such a  device i s  re fe r re d  to  a s  a  coupler (6 ), For the 

l a s t  th ir ty - f iv e  years, the c a lib ra tio n  of hearing-aid  rec e iv e rs  has been 

c a rr ie d  out using simple c y c lin d ric a l couplers having a  volume of approx

im ately 2 cc (18) .



The Use of 2-cc Couplers in  Hearing Aid 
Receiver Testing

Schler (5I )  a lluded  to  the  use of a  coupler by the Sonotone 

Corporation in  hearing-aid  re ce iv e r te s tin g  a s  e a rly  as 1938» Between 

194-2 and 1946 Rouanow (45)» Sabine (46), LeBel (29), Nichols (40), 

Nichols (4 l)  and Wiener and F i l l e r  (58) rep o rted  the use of couplers 

having a 2-cc cav ity . According to  Romnow, th i s  cav ity  was chosen to  

rep resen t the average volume l e f t  in  the ea r a f t e r  the in se rtio n  of an 

earmold. Each of these couplers had a  sound-in le t channel to  the 2-cc 

cav ity  of O.7IO inches in  leng th  and 0.120 inches in  diam eter. The 

sou n d -in le t channel dimensions presumably rep resen ted  the average bore 

in  com m erclally-available earmolds. The SPL in  the cav ity  was measured 

by a  condenser microphone, the diaphragm of ràiich served as  the bottom 

of the  cav ity .

During and a f t e r  World War I I ,  a 2-cc coupler with these dimen

sions was known as  the Jo in t Radio Board (JRB) coupler. The JEB coupler 

became th e  generally  accepted instrum ent f o r  making in se r t  earphone 

(e .g . h earin g -a id  rec e iv e r)  measurements (18). G laser and M orrlcal des

crib ed  ano ther 2-cc coupler, the Massa M112 ( l 8 ) . I t  d iffe red  from the 

JRB coupler p rim arily  in  th a t  the  microphone was in se rted  in to  the side 

ra th e r  than in to  the bottom of the coupler. In an  acoustic  comparison 

of th ese  two couplers, they  determined th a t  the sound pressure lev e ls  

developed in  the JEB coupler were considerably le s s  than the SPL devel

oped in  the Massa coupler in  the frequency region above I .5  kHz. Since 

both couplers had hard w alls and the same volume, G laser and Momical 

expected the response to  be purely determined by compliance. Therefore, 

the aco u stic  response should have been id e n tic a l .  The d ifference was



a t t r ib u te d  to  a "d iss ip a tiv e  element" a sso c ia ted  with the JEB coupler 

which t'as not a sso c ia ted  with the  M112 coupler.

In 19^5 f the  Engineers' Committee of the American Hearing Aid 

A ssociation promulgated a  te n ta tiv e  code f o r  h earing -a id  measurements 

(6 , 28) , The committee advocated the  use of the  2-cc coupler idiich, in  

s l ig h t ly  modified fozm* m s l a t e r  adopted by the American Standards 

A ssociation and designated as  the Type 2. In  19^9» the American Stan

dards A ssociation sp ec ified  the  design of couplers to  be used in  hearing- 

a id  rece iv er te s tin g  ( l ) .  One type of coupler, c a lle d  the  Type 1 , was 

a  simple 2-cc cav ity . This coupler m s  intended f o r  use in  th e  c a lib ra 

t io n  of a  hearing a id  re c e iv e r  which was a ttach ed  to  an earmold, A 

second coupler, the Type 2 , m s  designed to  accomodate the d ire c t  coup

lin g  of a  hearing-aid  re ce iv e r.

The basic fe a tu re s  of th e  Type 2 coupler a re  shown in  Figure 1,

A 0,120 inches diam eter by 0,710 inches length  sound-in let bore m s  t e r 

minated in  a cav ity  which had a volume of approximately 2 cc. The a c tu a l 

volume of the cav ity  m s ad ju sted  so th a t  the  equivalent volume of the 

condenser microphone loca ted  a t  the  c a v ity 's  bottom to g eth er w ith the 

a c tu a l  volume of the cav ity  equalled  2 cc, A c a p illa ry  m s  included in  

the  cav ity  to  provide eq u a liza tio n  of s t a t i c  pressure in  the coupler.

This leak  did  not a f fe c t  the frequency response appreciably  w ith in  the 

frequency range of in te re s t  in  h ea rin g -a id  measurements ( l l ) .

The dimensions of the JEB coupler bore were the same a s  th a t  of 

the  Type 2, However, the couplers d iffe re d  in  th a t  the equ ivalen t vo l

ume of the JEB c o u p le r 's  microphone m s  not considered to  be a p a r t of 

the to t a l  volume of 2 cc. In a d d itio n , the p ressu re -eq u a liza tio n  c a p il

la ry  m s  not p resen t in  the  JEB coupler.
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Figure 1, The American Standards A ssociation 
Type 2 Coupler. This i l lu s t r a t io n  i s  no t drawn to  sca le .
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In 1961, the American Standards A ssociation sp ec ified  designs 

fo r  th ree  couplers to  he used f o r  hearing-aid  rece iv e r te s t in g  (2 ), The 

HA-1 coupler m s very s im ila r  to  the e a r l ie r  Type 1. The HA-2 coupler 

m s  n early  id e n tic a l to  the Type 2, The HA-3 coupler m s  designed to  

accomodate a  length of tubing which connects to  hearing-aid  rece ivers  

of the  in te rn a l type such a s  a re  used with e a r- le v e l hearing a id s .

While the cav ity  sp e c ific a tio n s  were the same In the I 96I  doc

ument as  they were in  the 19^9 standaird, changes in  the bore length  and 

bore diam eter ware made in  th e  HA-2 coupler. The bore diam eter m s 

reduced to  0,118 inches (3mm) and the bore length  m s  reduced to  O.709 

inches (iBmm), The reason f o r  these changes were not explained in  the 

standard , but i t  i s  possib le  th a t  the changes were made simply to  achieve 

a  whole-number m etric expression of the co u p le r 's  dimensions,

5P1 Measured in  2-cc Couplers and in  
Human Ears

Although 2-cc couplers have been used f o r  more than th ree  de

cades, even early  in v es tig a to rs  were avare th a t  coupler SPL did not agree 

with SPL developed in  the human e a r canal. According to  McMartin (36) , 

d iffe ren ces  between the aco u stic  responses of ears and couplers were 

known a t  le a s t  25 years ago.

In 1941, Romanow (45) reported  data which suggested a d ifference  

between SPL developed in  human ears and the 2-cc coupler. He asked l i s 

ten e rs  to  balance the loudness of signals  delivered  by a loudspeaker to  

the loudness of signals  d e livered  by a hearin g -a id  rece iv er through an 

earmold which vas s itu a te d  in  the ea r canal. The hearing-aid  rece iv e r 

m s then placed on a 2-cc coupler, and, with the same voltage driv ing
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the re ce iv e r, the coupler SPLs were noted. The d iffe ren ces  Romanow 

noted were based on SPL measured in  an undisturbed sound-fie ld  and the 

SPL developed in  the coupler. His measurements showed th a t sound pres

sures developed in the coupler were le s s  than those developed in  the 

r e a l  e a r  as  in fe rred  from the  loudness balance procedures, Low-freguency 

d iffe ren ces  were explained on the b asis  of leakage around the earmold. 

C iting  Sivian and W hite's (52) minimum-audible p ressure versus minimum- 

audib le  f ie ld  d iffe ren ces , Romanow a t t r ib u te d  d iscrepancies of up to  

10 dB in  the region above 1,5 kHz to  the  d if f ra c tio n  of sound about the 

head and to  the resonance c h a ra c te r is t ic s  of the e a r  canal.

In 1944, Sabine (46) s ta te d  th a t  the SPL in  e a r  canals d iffe red  

from those developed in  a coupler. He a t tr ib u te d  d iffe ren ces  to  the 

resonance of the open cav ity  of the ea r.

In 1944, LeBel (29) su b stan tia ted  coupler and sound-field  d i f 

ferences observed by Romanow, LeBel averaged the sound-fie ld  data and 

eardrum-pressure data of F le tch e r and Munson ( l? )  and of Sivian and White 

(52) in  an attem pt to  is o la te  the e f fe c ts  of the head and ear canal. In 

considering coupler versus sound-field  d iffe rences in  l ig h t  of the 

Fletcher-Munson and S ivian and White d a ta , LeBel concluded th a t coupler 

and sound-fie ld  d ifferen ces could be a t t r ib u te d  only p a r t ia l ly  to  the 

p ressure vs, f ie ld  response of the ea r. The remaining f ra c tio n , he 

a s se r te d , was due to  d iffe ren ces  between the acoustic  impedance of the 

coupler and the hui-tn ea r,

Beranek (6) has reported  th a t  Nichols e t aÆ, (4 l) showed in  

1945 th a t  the average sound press'are le v e l developed in  e a r canals was 

up to  10 dB g re a te r  than those developed in  a 2-cc coupler.
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The d ifference v a ried , however, with the type of rece iv e r (magnetic and 

and c ry s ta l)  te s te d . Apparently th ese  e a r  canal measurements were made 

with a  probe tubs extending through an e i  jmold and term inating  a t  the 

t i p  of the earmold. I t  i s  unclear from Beranek's account whether 

coupler measurements were made with a  probe tube in  the same p o s itio n  

in  the coupler a s  in  the e a r  canal o r whether they were taken from the 

microphone located  in  the coupler bottom,

Wiener and F i l l e r  (58) a lso  m de probe-tube measurements through 

an earmold ^^nich vas seated in  ea r canals and compared them to  the lev e ls  

developed in  a 2-cc coupler. For two re ce iv e rs , the agreement between 

e a r  canal and coupler p ressures was excep tionally  good. As in  the fo r 

mer instance , i t  i s  not known vriiether coupler lev e ls  were measured by 

probe-tube techniques o r by means of a  coupler microphone, but the lack 

of d iscussion  fo s te r s  the inference th a t  the measurements were taken from 

th e  coupler microphone.

Nichols (40) speculated  th a t  d ifferen ces between le v e ls  developed 

in  the human ea r  canal and couplers appear because the so ft w alls of the 

e a r  canal provide more damping of the peaks than do the hard w alls of the 

coupler,

Morton and Jones (38) s tu d ied  th e  aco u stic  impedance of couplers 

and of human ea rs . They found th a t  the  mean reactance a t  the t i p  of an 

earmold in  the human ea r canal was negative in  the low frequencies, but 

i t  became p o sitiv e  above 2 ,5  kHz. The 2-cc coupler, on the o ther hand, 

exh ib ited  a negative reactance a t  a l l  frequencies. In a d d itio n , the 

re s is ta n c e  of the  r e a l  ea rs  a t  the t i p  of the ea r in s e r t  was 100 acoustic  

ohms while the re s is ta n c e  of the coupler was zero.
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Morton (37) compared the 1 .5 -cc N ational Physical lab o ra to ry  

(England) coupler and the IIA-2 coupler with a coupler which he developed 

to g e th er with Jones (38). The l a t t e r  coupler had a cav ity  volume of 

0.86 c c , a  bore leng th  of 1.85 cm and a  diam eter of 0.2^9 cm. The coup

l e r  designed by Morton and Jones more c lo se ly  approximated freq.uency 

response trac ings recorded in  human ea r  canals.

In  1957 f Ewertsen, Ipsen and N ielsen ( l6 )  measured the frequency 

response in  the ea r  canals of s ix  sub jec ts  and compared them to  HA-2 

coupler sound pressure le v e ls .  A probe tube was in se rted  in to  the  ear 

canals and in to  the  coupler through the  earmold so th a t  i t s  end t e r 

minated flu sh  with the earmold t ip .  (The probe tube was f i r s t  corrected  

fo r  i t s  a tten u a tio n  using measurements made in  a  co u p le r.) The e a r  canal 

and coupler d iffe ren ces  reported  vfôre based on the re la tio n sh ip  between 

the  co rrec ted  probe measurements and measurements made with the  microphone 

placed in  the coupler bottom. Their data showed th a t  le v e ls  developed 

in  the coupler were approximately 5 dB le s s  through 1.5 kHz. Above 

2 ,0  kHz, coupler le v e ls  were a s  much as  12 dB le s s  than those developed 

in  the  ea r canals.

In  1958, Jonkhoff (25), in  an unpublished th e s is ,  used a  loud

ness balance technique fo r  an estim ate of SPL in  humn ea r  c a m ls  and 

found th a t  beyond 3 .0  kHz, the  le v e l in  a  2-cc coupler f e l l  o ff  sharply  

r e la t iv e  to  th a t in  the human ear canal.

In 1959» van Eysbergen and Groen (5^) reported a study in  which 

monaural pure-tone thresholds were established in sound f ie ld . These 

thresholds were "...converted into sound pressure units by measuring the 

output of the loudspeaker with the human ear replaced by a condenser
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microphone," They a lso  es tab lish ed  th resho lds with the sound delivered  

to  the ea r by an in s e r t  earphone driven by an o s c il la to r .  Thresholds 

were es tab lish ed  using two types of earp ieces; one with a  narrow t i p  and 

one with a  wide t ip .  A fte r thresholds were es tab lish ed , SPL in  a  2-cc 

coupler were determined. Both low- and high-frequency d ifferences were 

observed between coupler and and f ie ld  p ressures. Low-frequency d if f e r 

ences were a t tr ib u te d  to  leaks between the ea r in se r t  (earmold) and the 

w alls of the meatus and to  in s e r t  bore-size  d iffe ren ces . D ifferences of 

20 dB were present above 3 ,0  kHz; these wexre a t tr ib u te d  to  the design 

of the couplers".

In 1970? Studebaker and Zachman (53) as a  p a rt of a  la rg e r  study- 

rep o rted  a  comparison between re a l  ear and 2-cc cav ity  da-ta. In th e i r  

research  they used earmolds having bores a c o u s tic a lly  equivalent to  the 

bore of an HA-2 coupler. They used a probe-tube technique to  measure 

SPL a t  the t i p  of the earmold in  one ear canal of each of fo u r su b jec ts . 

The probe-tube frequency response had been corrected  previously by 

measurements made in  a  closed coupler; however, Studebaker and Zachman 

a sce rta in ed  an in te ra c tio n  between the apparent c a lib ra tio n  of the probe 

tube and the acoustic  environment in  which i t  was placed. Acknowledging 

th is  in te ra c tio n , they observed th a t  coupler sound pressure le v e ls  were 

up to  7 dB g re a te r  than le v e ls  measured in  the ea r canals in  the 0 ,4  kHz 

reg ion . The lev e ls  were in  good agreement in  the 0,6 to  1 ,0  kHz region. 

In the 1,5 to  5 kHz reg ion , lev e ls  in  the coupler f e l l  below those in  

the r e a l  ear canals by 5 to  7 dB,

McDonald and Studebaker (35) a lso  compared sound pressure lev e ls  

developed in  ear canals and in  couplers. They c ited  the in te ra c tio n
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mentioned e a r l ie r  by Studebaker and Zachman and suggest th a t the 

accuracy of th e i r  probe-tube c a lib ra tio n  was not p rec ise ly  known. Their 

ear canal data in  comparison with th e i r  coupler find ings showed only 

s l ig h t  d ifferences in  the freq.uency reg ion  below 0,8 kHz, Above th a t 

frequency, the le v e l in  th e  coupler f e l l  7-8 dB below th a t in  the ear 

canals a s  frequency was increased .

Another recen t comparison of sound le v e ls  in  ea r canals and 

couplers was made by Sachs and Burkhard (50). The same input tubing was 

used to  d e liv e r sound to  ear canals (through earmolds) and to  a  2-cc 

coupler cav ity , A probe tube was placed through an earmold, and the 

o r if ic e  of the tube was term inated 5 mm beyond the  earmold t ip ,  Sound 

pressures in  the coupler were measured using the probe tube, a lso  in se rted  

5 mm beyond the opening of the sound in le t  bore. Coupler sound pressure 

le v e ls  were found to  be 5 to  5 le s s  than those in  the ear canals a t  

frequencies below 1 ,0  kHz, Above 1,5 kHz, coupler sound pressure lev e ls  

f e l l  o ff progressively  a s  frequency was increased . The d ifference reached 

a  maximum of 10.5 <3B a t  4 ,5  kHz,

In an e f fo r t  to  compare sound pressure le v e ls  measured a t  5 mm 

beyond the earmold t i p  with ;± a t they b elieved  would liave been measured 

a t  th e  tympanic membrane, Sachs and Burkhard u t i l iz e d  sound pressure 

transform ation data published by Zwislocki (6 0 ,6 l)  represen ting  the 

d iffe ren ces  between the le v e ls  measured a t  th e  eardrum and a t  a  point 

1 cm from the ea r canal en trance, With th i s  transform ation , a  compari

son of the ca lcu la ted  sound pressures a t  the  eardrum with those developed 

in  a  2-cc coupler showed th a t  the le v e ls  a t  the eardrum would exceed 

those a t  the analogous p o s itio n  in  couplers to  an even g rea te r  extent
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than Indicated a t  o ther measurement p o sitio n s . At 4 ,5  KHz and above, 

f o r  example, the d ifference increased  up to  15 dB,

Z w islock i's  Coupler 

Noting th a t  i t  i s  "almost incred ib le" th a t  standard couplers 

have survived th i r ty  years of u se , Zwislocki (6 0 ,6 l)  developed an "ear

l ik e "  coupler imich may be adapted fo r  use in  te s t in g  hearing-aid  

rec e iv e rs  as w ell a s  earphones.

Inspired by the suggestions of Working Group 48 of the Committee 

on Hearing, B ioacoustics and Biomechanics of the  N ational Research Council, 

N ational Academy of Sciences, the  e a r- lik e  coupler was developed follow ing 

extensive research mainly involving acoustic  impedance measurements a t  the 

eardrum, sound pressure measurements in  the ou ter e a r , and measurements 

of the dimensions of the ea r. Figure 2 i s  an i l lu s t r a t io n  of the device 

a s  used ihen te s tin g  h ea rin g -a id  rece iv e rs .

The device i s  mounted on a  Bruel and K jaer one-half inch con

denser microphone. A so u n d -in le t boire i s  not p a rt of the device. The 

b o l t - l ik e  s tru c tu re s  pro truding  from the coupler a re  the acoustic  networks 

th a t  a re  used to  sim ulate the  aco u stic  impedance of the human eardrum.

The coupler a lso  includes a  cav ity  analogous to  th a t  ex is tin g  between the 

t i p  of an ear in se r t  and the eardrum,

Sound Pressure Levels Measured in  the Ear-Like 
Coupler and in  Human Ear Canals

In h is  evaluation of the  e a r- lik e  coupler fo r  hearing-aid  

re ce iv e r  te s t in g , Zwislocki (6 0 ,6 l)  made probe-tube measurements a t  the 

eardrum in  human ear canals and a t  a poin t 0,9 cm from the entrance of 

th e  canal. The l a t t e r  p o s itio n  corresponds approximately to  the lo ca tio n
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C avity

Microphone

Figure 2, Longitudinal sec tio n  of the  po rtion  of 
th e  Zwislocki coupler which i s  used in  the te s tin g  of hearing- 
a id  re c e iv e rs . The l e t t e r  V Ind ica tes  an a i r  volume while the 
l e t t e r  M in d ica te  openings in to  two resonato rs. (This i l l u s 
t r a t io n  i s  not drawn to  sc a le ) .
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of the  t i p  of comiaonly used earmolds as  worn in  the  ea r  canal, Sound 

pressure r a t io s  a t  frequencies in  the  range of 0,2 to  10 kHz were d e te r

mined from th e  measurements made a t  these two p o s itio n s . Corresponding 

sound pressure r a t io s  based on coupler measurements were a lso  determined, 

dhese measurements were made , in  the same way a s  in  the e a r" , A com

parison  of these r a t io s  showed th a t  coupler and ea r  canal values were 

w ith in  1 dB a t  a l l  frequencies except a t  7 kHz and 10 kHz, At 7 kHz, 

the coupler value was g re a te r  by 3.5 dJB lA ile  a t  10 kHz, the coupler 

value was sm aller by 3 .0  &B,

Sachs and Burkhard (50) a lso  compared sound pressure le v e ls  in  

human ea r canals with those measured in  a  Zwislocki coupler. In both 

in stan ces, the  probe tube was extended 5 mm beyond th e  earmold t i p  to  

avoid e f fe c ts  of proxim ity of the sound in le t  tube to  the probe tube.

As in  th e i r  comparison of ear-canal and 2-cc coupler SPL, Sachs and 

Burkhard ca lcu la ted  the lev e ls  a t  the  eardrum by adding Zw islocki’s 

sound pressure transform ation data to  th e i r  observed da ta . Below 0,8 

kHz, pressure in  the coupler was e s se n tia l ly  id e n tic a l  to  pressure in  

the e a r  canals of eleven su b jec ts . They reported  th a t  from 0 ,8  kHz to  

7,5  kHz the mean pressure in  r e a l  ears  and in  the Zwislocki coupler d i f 

fe red  by no more than 3 dB, An inspection  of th e i r  data rev ea ls  th a t  

the two a re  gen era lly  no t d iffe re n t by more than 1 ,5  dB, This comparison, 

of coursq assumes th a t  the  SPLs e x is ta n t a t  the eardrum were accu ra te ly  

p red ic ted  by the ca lcu la tio n s  which Sachs and Burkhard employed.

Summary

There i s  su b s ta n tia l evidence th a t  s ig n if ic a n t d iffe ren ces  e x is t  

between the SPL measured in  human ea r  canals and in  2-cc couplers,
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p a r tic u la r ly  in  the h igher frequency range. E arly  work comparing the 

frequency response in  e a r  canals with th a t  measured in  couplers d id not 

f u l ly  account fo r  d if f ra c tio n  e f fe c ts  of the  head and the resonance 

c h a ra c te r is tic s  of the ea r canal because probe-tube measurements were not 

made in  the ear canals . The data obtained by l a t e r  workers may have been 

confounded, a t  le a s t  a t  the h igher frequencies , by the p rac tice  of making 

probe-tube measurements through an earmold with the  probe-tube t i p  term i

nated a t  a  point a d ^ c e n t  to  the o u tle t  of the  sound-in let tube.

In h is  evaluation of the  e a r- lik e  coupler, Zwislocki d id not 

make measurements in  e a r  canals with earmolds in  place or analogous 

measures in  the couplers, Sachs and Burkhard d id  not compare le v e ls  in  

the Zwislocki coupler with sound pressure le v e ls  a c tu a lly  measured a t  the 

tympanic membrane.

There appeared to  be a  need fo r  a  study describ ing the re la t io n 

sh ip  between sound pressure le v e ls  developed in  analogous po sitio n s in  a 

2-cc cav ity , the e a r- lik e  coupler and in  human ea r canals (p a r tic u la r ly  

a t  the eardrum) when in  a l l  in stances the sound source was a  hearing-aid  

receiver-earm old combination. This in v es tig a tio n  was designed to  c o lle c t  

data which would allow  these comparisons to  be made, with p a r t ic u la r  

emphasis placed on the frequency range above 1 ,0  kHz,



CHAPTER III 

INSTRUIffiNTATIQH AND PROCEDURE 

Introduction

The purpose of th is  in v estig a tio n  was to  compare the acoustic  

c h a ia c te r is t ic s  of a  hearing-aid  re ce iv e r (attached  to  earmolds) placed 

on couplers with the performance of th a t  same rec e iv e r  (attached  to  e a r

molds) seated  in the human ea r canal. The aco u stic  output fo r  freg_uencies 

in  the range from 0,8 kHz to  6 ,4  kHz was observed a t  th ree  loca tions in  

the ear canals of e igh t normal-hearing l i s te n e r s .  One s e t  of measure

ments was made with the probe-tube term inated a t  the t i p  of the earmolds 

(designated the 0-mm p o s itio n ) . Another s e t of measurements was made 

with the probe-tube t i p  a t  a  po in t 5 mm beyond the earmold t i p  (desig

nated the 5-mm p o s itio n ). The th ird  s e t of measurements involved a l t e r 

nate  b in au ra l loudness balance judgements to g e th er with probe-tube 

measurements of the sound pressure le v e l a t  a  p o s itio n  1 mm from the 

opposite tympanic membrane. This technique was u t i l iz e d  a s  a means of 

deriv ing the sound pressure le v e l a t  the eardrum of an ea r occluded by 

an earmold.

The sound pressure leve ls recorded at each of the probe-tube 

positions in the ear canals were compared with the sound pressure leve ls  

developed by a receiver-earraold combination at the three analogous posi

tions in a 2-cc cavity (comparable to the HA-1 coupler) and in a Zwislocki

18
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coupler. That i s ,  prohe-tube measurements were made a t  the 0-mm and the 

5-mm p o s itio n s , as  well as a t  a  p o s itio n  1 mm from the coupler bottoms.

Subjects

Eight male a d u lt sub jec ts  between the ages of 22 and 30 years 

were used in  th is  study. Each su b jec t had hearing s e n s i t iv i ty ,  measured 

by a ir-conduction  fo r  each ea r , no poorer than 10 dB re  the ANSI (1969) 

standard a t  the frequencies 0 ,25, 0 ,5 , 1 .0 , 2 ,0 , 4 ,0  and 8.0 kHz, Bone- 

conduction th resho lds were w ithin 10 dB of the air-conduction  th resho lds 

fo r  th e  same frequencies . In a d d itio n , a ir-conduction  th resho lds were 

e s tab lish ed  a t  the frequencies 0 ,6 , 1 ,2 , 2 ,4 , 2 ,8 , 3 .2 , 3 .6 , 4 ,0 , 4 ,4 ,

4 ,8 , 5 .2 , 5 .6 , 6 ,0 , and 6 ,4  kHz using a  Bekesy audiometer (E-800), The 

th resho ld  a t  a  given frequency fo r  one ea r of a  p a r t ic u la r  su b jec t gen- 

e ia l ly  d id  not d i f f e r  from th a t of the opposite e a r  by more than 5 dB, 

With the  exception of one frequency f o r  each of two su b jec ts , the th re s 

holds f o r  one ear were never d if fe re n t from those of the opposite ea r 

by more than  10 dB. Each sub jec t was fre e  from ex te rn a l and middle e a r 

pathology a s  determined by an o to lo g ica l evaluation  and by te s tin g  with 

an e le c tro -ac o u s tic  impedance bridge (l^dsen ZO 70), Each tympanogram 

was c la s s if ia b le  as  a  Type A and, in  a d d itio n , the  compliance value fo r  

each ea r f e l l  well w ithin the range considered to  be normal (24,44),

Test Environment 

A ll measurements were made in a sound-treated room located in 

the Department of Communication Disorders, the University of Oklahoma 

Health Sciences Center, Oklahoma City, Oklahoma, Ambient-noise levels in 

th is environment were measured using a General Radio sound-level meter
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(model 1552-P) used in  conjunction with a  General I&dio octave-land 

analyzer (model 1558-AP). In the octave hands between 0,125 kHz and 8,0 

kHz, th e  noise le v e ls  were observed to  be 30 dB le s s  than  the le v e ls  of 

the s ig n a ls  used in  the loudness balance po rtion  o f th i s  in v estig a tio n . 

During the  ea r canal measurements and during the coupler measurements, a 

wave analyzer (H ew lett-iackard, model 302A) used to  e x tra c t low -level 

s ig n a ls  from no ise . The noise le v e ls  through the  wave analyzer r e la t iv e  

to  the observed s ig n a l le v e ls  were observed throughout the  in v estig a tio n  

and were never g re a te r  than -15 ,0  dB,

Instrum entation

Signal Generation and Control Instrum entation 

Figure 2 i s  a  b lock diagram of the  equipment employed to  gener

a te  and co n tro l the  pure-tone s ig n a ls  which were used in  a l l  phases of 

th is  study.

The output of a  beat-frequency o s c i l la to r  (General Radio, model 

1304-B) was divided. One output (channel l )  of the d iv id ing  network was 

routed  to  an e lec tro n ic  sw itch (G rason-S tadler, model 829E), The output 

of th i s  switch TB.S d ire c ted  to  a  one-decibel s tep  a tte n u a to r  (Hewlett- 

Ih.ckard, model 350 AR) which was operated by the examiner. The output of 

the  exam iner's a tte n u a to r  was d ire c te d  through an iso la tio n  pad to  an 

a m p lif ie r  (McIntosh, type A -II6-B ), A 600-ohm r e s i s to r  was p a ra lle le d  

across  the output of the pad in  o rder to  provide the a tte n u a to r  with the 

proper r e s is t iv e  load . The output of the a m p lifie r  could be d ire c ted  to  

a  recording a tte n u a to r  (G rason-Stadler, model E3262A) or to  a  Bruel and 

K ^ e r  (B & K) hearin g -a id  re c e iv e r  (type HTOOO3 ) , The output of the
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Channel 1
Oscillator

Channel 2

ES \N 1 ESW 2

Attenuator Attenuator

Amplifier Amplifier

Attenuator

Subject
Switch

Receiver Loudspeaker

Figure 3. Block diagram of s ig n a l generation and co n tro l equipment.
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am p lifie r  >ra.s term inated with an 8-ohm r e s is to r  (100 w att) in  order to  

assure a  proper load . The recording a tte n u a to r  was operated by the sub

je c t  by means of a sw itch, !Hie a tten u a tio n  ra te  was se t a t  1 ,0  dB per 

second and the ch art speed of the  a tte n u a to r  was ^5 iJaches per hour. The 

air-conduction  hearing-aid  rec e iv e r  whose e le c t r ic a l  input impedance was 

measured as  being 980 ohms a t  1 ,0  kHz» term inated channel 1, The ampli

f i e r  provided a very low source impedance. This constant voltage 

source arrangement (low source impedance and high load impedance) i s  such 

th a t  the source voltage is  le a s t  a ffe c te d  by changes in  acoustic  loading 

on the re ce iv e r (34),

The o ther output from the d iv id e r (channel 2) was d irec ted  to  a 

second e lec tro n ic  switch (G iason-Stadler, model 829E), The output from 

the switch was d irec ted  to  a one-decibel s tep  a tte n u a to r  (Hewlett-Ihckard, 

model 350AR), through an iso la tio n  pad and to  an am p lifie r  (McIntosh, 

type A-U6-B) in  the same manner a s  in  channel 1 , The output of the am

p l i f i e r  could be d ire c ted  to  the recording a tte n u a to r  or to  an 8-ohm 

loudspeaker (Acoustic Research, model 4x),
A voltm eter (B allan tin e , model 300) was connected across the 

term inals of the hearing-aid  re ce iv e r  to  monitor the voltage changes 

e ffec ted  by the  sub jec t in  the loudness balance experiment, A d ig i ta l  

counter (Darcy, type 36IA-R) was in se r te d  in to  the  c ir c u i t  in  p a ra lle l  

with the o s c i l la to r  to  monitor the frequency of the  t e s t  s ig n a ls . Period

ic a l ly ,  an oscilloscope (Tektronix, type 2A63) >ias used to  monitor the 

waveform of the t e s t  s ig n a ls .

The t e s t  s ig n a ls  were a l te rn a te ly  turned on and o ff  by the two 

e lec tro n ic  sw itches. These sw itches were trig g e re d  ex te rn a lly  with the
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tim ing network shown in  Plgure 3» This network consisted  of th re e  wave

form generators (Tektronix, type 162) and f iv e  pulse generators (Tektronix, 

type l 6 l ) .  Waveform generator (WPG) operated in  recu rren t mode, trig g e red  

pulse generators (B3) 1 and 2, Pulse generato r 3, s e t  fo r  a 500 msec delay, 

turned on e le c tro n ic  switch (ESW) 1, Then WPG 2 and PG 3 governed a  5OO 

msec delay. At the end of th is  in te rv a l,  IG 3 turned o ff ESW 1. Pulse 

generato r 2 trig g e re d  WPG 3 )Ailch in  tu rn  a c tiv a te d  PG 4, Pulse Generator 

4 turned on ESW 2 5OO msec a f t e r  ESW 1 was turned o ff , WPG 3 a lso  a c t i 

vated PG 5 lAiich turned o ff ESW 2 a f t e r  a  5OO msec in te rv a l.

Earmolds

Impressions were made of the  r ig h t  and l e f t  ears of th e  su b jec ts  

using commercially ava ilab le  impression m ateria l (Audalin, U.S.Ph-tent no. 

3 *588, 500) , follovring the general procedure ou tlined  by Watson and Tolan 

(56) except th a t  a  syringe was used to  in s e r t  the impression m ate ria l 

(8 ,39). A ll sub jec ts  were examined by an o to lo g is t. The ear canals 

were a lso  fu r th e r  inspected fo r  debris  by the in v estig a to r a t  the time 

the impressions were made, A co tton  block was placed in  the bony portion  

of the ea r canal. Powder and liq u id  po rtions of the earmold m ate ria l 

were c a re fu lly  measured in  order to  reduce the p o s s ib il i ty  of shrinlsage 

in  the earmold impressions (20), The im pressions were taken immediately 

to  a lo c a l earmold laboratory .

The earmolds were fabricated from the earmold impressions into  

permanent form by the earmold laboratory. The finished earmolds differed  

from commercially available standard earmolds only in that the snap ring 

and associated snap ring recess were eliminated. The snap ring config

uration was eliminated in order to reduce the intermold variab ility
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PG 4

ESW 1

PG 3

WPG 1

WFG 2 WPG 3

ESW 2

PG 5

PG 1 PG 2

Figure 4, Block diagram of s ig n a l timing eg.uipment.
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a t tr ib u ta b le  to  v a r ia tio n s  in  the sound input channel (3^). A ll earmolds 

were d r i l le d  to  accomodate tygon (42) sound-input tubing with an inside 

diam eter of 2 ram (O.O76" ) . This tubing i s  u su a lly  re fe rre d  to  as  s ize  13 

tubing by the hea.ring a id  in d u stry  ( 8 ) , The tygon sound-in let tubing had 

a  leng th  of 25 ima f o r  each earmold and term inated with a p la s t ic  adaptor 

îrihich accomodated th e  hearing a id  re c e iv e r  nubbin,

A hole for  the probe tubing was drilled  in each earmold approxi

mately parallel to the bore which housed the sound-inlet tube. The ori

f ic e  of th is  tube terminated ad jicent to and on a plane with that of the 

bore aperture. The distance between the center of the sound-inlet tube 

and the center of the probe tube was 3 nm.

The a n te r io r  -  p o s te r io r  (AP) and su p erio r -  in fe r io r  (S l) 

dimensions of the  I 6 f in ish ed  earmolds weire measured in  order to  provide 

an estim ate of the  s ize  of the e a r canals of the  sub jec ts used in  th is  

in v es tig a tio n . Measured a t  approxim ately 2 mm from the earmold t i p ,  the 

mean AP d istance was 7.3 mm with a  standard dev ia tion  of 1,10, The mean 

SI d istance m s 10,1 ram Tfith a  standard d ev ia tion  of O.87, These estim ates 

a re  very s im ila r  to  the measurements made by Zachman (59). For fo u r ea r

molds, he reported  a mean AP dimension of 7 .O nm (3,1). of 0,71) and a mean 

S I dimension of 11,3 (S.D. of 0 ,90), In s im ila r  measurements taken on 

100 randomly se le c ted  earmolds from the s to ck  of an earmold m anufacturer, 

Zachman (59) found a  mean AP dimension of 7 .8  mm with a standard  devia

t io n  of 0,81 ram while the mean SI dimension of the 100 earmolds was 12,1 

ram with a  standard dev iation  of 1 ,3  mm.
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Probe Tubing

Prelim inary experim entation showed th a t  the  use of commercially 

av a ilab le  tygon tubing fo r  probe tubes d id  not provide repeatable measure

ments, This v a r ia b i l i ty  may have been due to  s l ig h t  narrowing o f the 

tubing a t  bends which may have a lte re d  the aco u s tic  response. A lte r

n a tiv e ly , the probe tubes which were used in  th i s  in v estig a tio n  were formed 

from a m alleable, hea t-sh rin ltab le  po lyo lefin  tub ing , A s ta in le s s  s te e l  

tube with an outside diam eter of 1 mm (B & K probe k i t ,  model UA OO3O) 

was Inserted  inside  a  length  of heat-shrInlcable tub ing . Heat was then 

ap p lied . The r e s u l t  was a  f a i r ly  r ig id  but f le x ib le  tubing with an out

s id e  diam eter of about 2 mm and an in sid e  diam eter of 1 mm. Three probe 

tubes of 55 ™i leng th  were formed in  th i s  way. Repeated frequency- 

response measurements made in  a  2-cc coupler (B & K, type DB OI38) showed 

th a t  the v a r ia b i l i ty  from one measurement to  the next (a t a  given f r e 

quency) was no more than 0,5 dB fo r  the frequencies between 0,8 and 6 ,^  

kHz. In ad d itio n , the  frequency response of each tube varied  no more 

than 1 .0  dB from th e  o ther two throughout the  same frequency range. Two 

of the  th ree  tubes were u t i l iz e d  in  the coupler and in  the ea r canal 

measurements. The response of the tubes was checked fo u r times during 

the course of the experiment. Deviations g re a te r  than 1.5 dB a t  any 

frequency were not observed a t  any tim e.

Couplers and A ssociated Instrum entation  

The HA-2 coupler, often  re fe rred  to  a s  the  standard 2-cc coup

l e r ,  includes a m etal cy lin d er with a  3 x 18 mm hole bored through i t .

The bore term inates with the 2-cc cav ity . (The a c tu a l  s ize  of the cav ity
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i s  ad justed  to  compensate fo r  the eq.uivalent volume of the microphone 

diapliiagni so as  to  give a t o t a l  volume of 2 cc ). The diaphragm of a  

one-inch condenser microphone i s  the  bottom of the c a v ity . For th is  

in v estig a tio n , a modified coupler m s  manufactured by the  Instruments 

Shop, Physics Department, U niversity  of Oklahoma, Norman, Oklahoma, % e 

modified coupler, comparable to  the  HA.-1 coupler, on which an earmold is  

mounted is  i l lu s t r a te d  in  Figure 5* coupler has the same volume as

the HA-2 coupler, but the cy lin d er containing the 3 x 18 mm bore has been 

elim inated.

A Zwislocki coupler m s  a lso  machined by the U niversity  of 

Oklahoma Instrument Shop, Figure 2 (page 15) i l l u s t r a t e s  th a t  portion 

of the device used in  te s t in g  hearing-aid  rece iv e rs . Following the manu

fa c tu re  of th i s  coupler, i t  m s  sen t to  i t s  designer, J , J , Zwislocki, 

f o r  evaluation p r io r  to  i t s  use in  these experiments. The Zwislocki 

coupler m s  te s te d  by B, Klock of Zw islocki’s  lab o ra to ry  and m s  sa id  to  

meet design sp ec ifica tio n s  in  a l l  respects  (26),

The receiver-earm old combinations were placed on the 2-cc cav ity  

a s  shown in  Figure 5« They were placed on the Zwislocki coupler in  the 

same m y, A one inch microphone (B & K type 4132) and a  cathode follow er 

(B & K type 2615) were used to  measure SPL in  the modified coupler, A 

one-half inch microphone (B & K type 4134) and a cathode follow er (B & K 

type 2613) were used to  measure SPL in  the Zwislocki coupler. Figure 6 

shows the instrum entation used in  the coupler SPL measurements. The 

appropriate  microphone m s  placed in  the bottom of each coupler. Cathode 

follow ers were connected to  microphone am p lifie rs . The output of each 

microphone am p lifie r  (B & K type 2603) m s d irec ted  to  a  mve analyzer
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Probe Tube Sound Inlet Tube

Earmold

M odeling c la y

| M ) i a p h r a g m  of M icrophone

Figure 5» Earmold mounted on th e  2-cc c av ity , 
(This i l lu s t r a t io n  i s  not drawn to  s c a le .)
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j’igure 6. Block diagxara of Instrum entation 
used in  the coupler measurements.
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(Hewlett-ï^icfeird, model 302). The wave analyzer was operated in  the 

r e la t iv e  mode r a th e r  than the absolu te mode. For each s e r ie s  of 

measurements in  which th e  analyzer was used, a  sound pressure le v e l 

reference was s e t  a t  0 dB on the  wave an a ly zer s c a le , Sound pressures 

developed a t  th e  microphone were then read  from the wave a n a ly ze r 's  

meter and recorded r e la t iv e  to  the p rescribed  sound pressure le v e l r e fe r 

ence, For sound p ressure  le v e l measurements through earmolds a t  the 

th ree  measurement p o s itio n s , a  probe tube was in se r te d  in to  the 2-mm 

probe-tube ad ap te r o f th e  Bruel and K jaer (B & k ) assembly which was 

used with th e  one-half inch microphone and cathode fo llow er, Sound 

pressure le v e ls  were observed using th e  microphone a m p lif ie r , the  output 

of which was d ire c te d  to  the wave analyzer. The wave analyzer was used 

f o r  these measurements in  the  manner p rev iously  described.

Instrum ents and Apparatus f o r  Sound P ressure 
le v e l  Measurements in  the  Ear Canals

For sound pressure le v e l measurements through earmolds a t  the 

two p o sitio n s  in  th e  e a r  canals and a t  th e  tympanic membrane of the 

unoccluded e a r , a  probe tube was inserbed in to  th e  2-mm probe-tube adap

t e r  of the B & K assem bly, which was used with the one-half inch micro

phone, Sound pressure le v e ls  were measured with a  microphone am p lifie r. 

The microphone a m p lif ie r 's  output was d irec ted  to  the  wave an alyzer. The 

wave analyzer >as used f o r  these measurements in  th e  manner previously 

described.

For the  e a r  canal measurements, an apparatus was constructed  to  

secure firm ly  the s u b je c t 's  head. The b asic  support s tru c tu re  was a  den

t a l  ch a ir , m odified so th a t  the head r e s t  bu tted  ag a in s t the s ide of the
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s u b je c t 's  head. An ad ju stab le  rubber headband m s  fastened  to  the  head 

r e s t  in  order to  f i x  the  s u b je c t 's  head in  p o s itio n .

Figure 7 shows a portion of th is  apparatus, A 4,4^ cm (1.75 

inches), L -  shaped section of s te e l m s bolted to a head rest and m s 

extended over the subject's head. This section provided a stable mount 

for a portion of a Moore and Wright micromanipulator which allowed for  

both horizontal and vertica l adjustment of the probe tube holding appa

ratus (for measurements in the unoccluded ear canal). A 0.97 cm (3/8  

inches) diameter section of melal rod m s attached to the manipulator 

section. A clamp, located a t the end of the metal rod, m s used to hold 

the cathode follower and i t s  associated conical adapter which houses the 

probe tube. An adjustable clamp assembly m s attached to the head-rest 

side of the apparatus in order to  hold the cathode follower associated  

with probe-tube measurements through the earmold.

Procedure

Prelim inary Measurements 

For each coupler and each probe tube p o s itio n  in  the coup lers, 

sound pressure le v e l measurements were made from the coupler microphone 

once with the probe tube ap ertu re  open and once with the  probe tube aper

tu re  occluded with modeling c lay . This m s  done a t  the frequencies 0 .8 , 

1 .2 , 2 .0 , 2 ,8 , 3 .6 , 4 ,4 , 5 .6 , 6 ,0  and 6 ,4  kHz in  order to  a s c e r ta in  the 

e f fe c t  of the presence of the probe tube a t  th e  th ree  p o sitio n s  in  each 

co u p le r 's  cav ity .

The transm ission  of sound through th e  m i l s  of the  probe m s 

a lso  checked. This m s done by measuring the sound le v e ls  inside  a
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M icromahipulator

K A lM5@gW@

Figure 7. Photograph of head-rest support apparatus 
and probe-tube adjustment apparatus*
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coupler cav ity  (B and K, type 0148) f i r s t  with the probe-tube apertu re  

open and then with the apertu re  occluded. The d ifference  between the 

two s e ts  of measurements represented the transm ission  of sound through 

the w alls of the probe tube.

Sound Pressure Level Measurements 
in  the Couplers

Measurements were made from the probe-tube microphone with 

the probe-tube t i p  placed a t  each of the th ree  p o s itio n s  (O and 5 mm 

from the earmold t ip  and ‘1 mm from the coupler bottom) in each coupler. 

Measurements were a lso  made from the coupler microphone without the 

probe tube present and the probe-tube hole blocked with modeling c lay .

Sixteen earmolds were used in  th i s  portion  of the study. The 

sound in le t  tubing of each earmold was connected to  the hearing-aid  

rece iv e r  by means of a  p la s t ic  adaptor. Each earmold was mounted on the 

2-cc cav ity  and on the Zwislocki coupler. The voltage to  the input 

term inals of the rece iver was ad justed  to  th a t  which produced 110 dB SPL 

a t  0 ,8 kHz in  the 2-cc cav ity  by the rec e iv e r  working in to  a sing le  e a r

mold. The value obtained proved to  be 0.66 v o lts .  A ll subsequent coup

l e r  measurements were nade with 0.66 v o lts  across the term inals of the 

hearing -a id  rece iv er. Measurements were made a t  0 .8 , 1 .2 , 1 .6 , 2 .0 , 2 ,4 ,

2 ,8 , 3 .2 , 3 .6 , 4 .0 , 4 .4 , 4 ,8 , 5 .2 , 5 .6 , 6 .0  and 6 .4  kHz. These frequen

c ie s  were chosen to  give re la t iv e ly  close spacing in  the high frequency 

region which was of g rea te s t in te re s t  of th i s  study.

The t e s t  order used appears in Table 1. For example, with 

earmold 1, the f i r s t  measurement was taken from the coupler microphone, 

the second from the probe-tube microphone when the probe-tube t i p  was
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TABLE I

TEST ORDER FOR MEASUREMENTS IN THE ZWISLOCKI COUPLER 

AND IN THE 2-cc CAVITY

Order of Measurements 
Earmold F i r s t  Second Third Fourth

1 M B 0 5
2 B 0 5 M
3 0 5 M B
4 5 M B 0
5 M B 0 5
6 B 0 5 M
7 0 5 M B
8 5 M B 0
9 M B 0 5

10 B 0 5 M
11 0 5 M B
12 5 M B 0
13 M B 0 5
14 B 0 5 M
15 0 5 M B
16 5 M B 0

*M -  coupler microphone > B -  probe tube 1 mm from the coupler 
bottom; 0 -  probe tube a t  0-mm p o sitio n ; 5 -  probe tube a t  -̂mm position
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located  1 mm from the coupler bottom, the th ird  when the probe-tube t i p  

was a t  the 0-mm p o sitio n , and the fo u rth  measurement was taken with the  

probe-tube t i p  a t  the -̂mm p o s itio n . The sequence was ordered so th a t  

each condition  appeared in  each o rd in a l p o s itio n  an equal number of tim es.

A lternate B inaural Loudness Balances 

Each sub jec t was seated  in  a  ch a ir  with h is  unoccluded ea r  facing  

the loudspeaker. There was a  d is tan ce  of approximately 1 meter between 

the loudspeaker and the ea r fac ing  the loudspeaker. The c h a ir  could be 

ro ta te d  so the su b je c t’s l e f t  e a r  o r h is  r ig h t ear was aimed a t  the 

loudspeaker.

A fte r the sub ject was properly  positioned  in  the ch a ir  w ith h is  

head fix ed  securely  in  p lace , the  p rev iously -fab rica ted  earmold fo r  the 

ea r  not d ire c te d  toward the loudspeaker was sealed  in  the  e a r  w ith p e t

roleum j e l ly .  The sub ject was in s tru c te d  to  avoid head movements.

The supporting apparatus fo r  the probe-tube adap ters  were nan- 

euvered in to  positio n s near the  pinnae. The probe tubing extending from 

the earmold was connected to  one probe-tube adap ter. The second ad ap te r 

was connected to  the probe tubing used in  making the measurements a t  the 

tympanic membrane of the unoccluded ea r.

Each subject was informed when the probe tube was going to be 

inserted into the open ear canal. Perry reported the approximate depth 

of the human adult ear canal i s  24 mm (45), Zwislocki reported a median 

of 22,5 mm for seven ear canals (60). Thla information was u tilized  by 

the investigator to gauge the proximity of the probe tube to the tympanic 

membrane. At the start of the insertion procedure, the probe tip  was 

aligned with the entrance to the ear canal. The millimeter scale on the
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microraanipulator was used to  monitor the probe depth. The mean ear 

canal depth f o r  the sub jec ts  was 21.9 mm (N=15) with a  standard  dev iation  

of 1,66 mm. When the sub ject reported  th a t  the probe t i p  had touched the 

tympanic membrane, the  d istance was noted and then the micromanipulator 

was used to  r e t r a c t  the probe tube a  d istance of 1 mm. S u b jec ts ' impres

sions of the  eardrum contact event were g enera lly  ch arac te rized  as  a  d u ll  

pain or a  d u ll  au d ito ry  sensa tion . Each su b jec t, except f o r  subject 3 in  

the f i r s t  se ss io n , m s  p o s itiv e  in  a s se r tin g  th a t  the tympanic membrane 

had been touched. The probe tube depth f o r  th is  sub jec t was 17 mm.

Owing to  the  angling of the ea r canal, the  examiner was n o t ab le  to  in 

s e r t  the tube fu r th e r  without causing considerable discom fort to  th is  

one su b jec t. No problems were experienced with the opposite ea r of th is  

sub jec t or w ith e i th e r  e a r  of any o ther su b jec t.

Test s ig n a ls . The frequencies used in  the ABLB portion  of the 

in v es tig a tio n  were the same a s  those used in  the coupler measurements d is 

cussed e a r l i e r .  Ihe s ignal generation  and timing instrum entation vdiich 

was described e a r l i e r  in  th is  chap ter was used to  produce pure-tone s ig 

n als  of 500 msec duration . The in te rs tim u lu s  in te rv a ls  were a lso  5OO msec. 

The r is e  and decay times of the s ig n a ls  were s e t by the e lec tro n ic  

switches to  be 50 msec. Hence, a  5OO msec s ig n a l (includ ing  r is e  and de

cay tim es) was presented to  the sub jec t by the hearin g -a id  rece iv e r f o l 

lowed by a  s i l e n t  in te rv a l of 5 OO msec. A ^00 msec s ig n a l (including  the 

r is e  and decay tim es) was then presented to  the sub jec t by the loudspeaker 

followed by a  s i le n t  in te rv a l  of 5OO msec. This a l te rn a tin g  paradigm was 

presented to  the sub ject continuously u n t i l  a  loudness balance was made.

When the  s ig n a l from the loudspeaker was used as  the reference 

s ig n a l, the  probe tube, in se rted  in  the open e a r canal in  the manner
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previously  described, and i t s  asso c ia ted  instrum entation were employed 

to  a d ju s t the sound pressure le v e l a t  the  eardrum to  65 dB. The loudness 

balance was then c a rrie d  out. The vo ltage , across the r e c e iv e r 's  term i

n a ls ,  which produced the  s ignal judged to  be equal in  loudness to  the 

reference s ig n a l was recorded. In ad d itio n , the sound pressure lev e l a t  

th e  0-mm probe-tube p o s itio n  (the comparison s ig n a l)  was recorded.

When the s ig n a l presented through the earmold m s used a s  the  reference 

s ig n a l, the  lev e l in  the ear canal ( a t  th e  earmold t ip )  was ad justed  to  

65 dB SPL, The voltage necessary to  produce th is  s ignal was recorded.

Then the sub jec t c a rrie d  out the loudness balance by ad ju stin g  the s ig n a l 

from the loudspeaker. With the s ig n a l from the loudspeaker s e t  a t  the 

le v e l producing the equal loudness judgment, the sound pressure le v e l a t  

the eardrum m s observed from the probe tube microphone assembly.

S ub jects ' In s tru c tio n s . The su b jec ts  responded through the 

use of a track ing  procedure, A recording a tte n u a to r  m s co n tro lled  by 

the sub jec ts  to  vary the loudness of the comparison s ig n a l. The sub jec t 

was in s tru c ted  to  a d ju s t the loudness o f the comparison s ig n a l a l te rn a te ly  

to  a  value ju s t g re a te r  than and ju s t  le s s  than the loudness of the r e fe r 

ence s ig n a l presented to  the opposite e a r . In subsequent t r i a l s ,  the 

s ta r t in g  le v e l of the comparison s ig n a l m s  a lte rn a te ly  s e t  a t  lev e ls  

g re a te r  o r le s s e r  than th a t  which would presumably r e s u l t  in  an equal 

loudness balance. For each loudness balance, the sub jec t ad ju sted  the 

recording a tte n u a to r  fo r  approximately two minutes. The le v e ls  co rres

ponding to  the l a s t  eleven re v e rsa ls  of the s u b je c t 's  tra c in g  were 

averaged. This average m s taken a s  the le v e l of the loudness balance. 

Each sub jec t m s read the following in s tru c tio n s  :
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You w ill hear tones of the same frequency a lte rn a te ly
from the loudspeaker to  your  e a r  and from the rece iv er-
earraold combination to  y o u r  e a r . L isten c lo se ly  to  the
tone in  your  ear and attem pt to  maintain the same loudness
in  y o u r  e a r  by manipulating th is  switch. When the sound
in  y o u r  e a r grows louder than the sound in  y o u r  ear,
throw the switch to  the p o s itio n  marked s o f te r  and hold i t  
u n t i l  the sound is  too s o f t  to  m aintain equal loudness. At 
th is  po in t, throw the switch to  the  position  labeled  louder. 
Continue th is  procedure u n t i l  the tones a re  turned on again. 
L isten  only to  the loudness of the s ig n a ls  and please d is 
regard any o ther fac to rs  such as p itch  or q u a lity . P eriod i
c a lly  during the t e s t  session  you w ill hear continuous tones.
The experimenter i s  measuring these s ignals during these 
periods ; ignore them. Do you have any questions?

V irtu a lly  a l l  of the su b je c ts ' questions were answered in  the i n i t i a l  

(p ra c tic e )  session ,

ABLB te s t  o rder. Each sub jec t p a rtic ip a te d  in  th ree  loudness- 

balance sessions on th ree  d if fe re n t days. The f i r s t  session la s ted  

approximately 75 minutes and was devoted exclusively  to  p ra c tic e . Sub

je c ts  were tra in ed  u n t i l  they appeared to  understand the ta sk  thoroughly, 

u n ti l  the  excursions they produced on the recording a tten u a to r were le ss  

than 10 dB, and u n t i l  repeatable re s u l ts  were obtained ( t r i a l  to  t r i a l  

d ifferences of 3 dB or le s s ) .  Three frequencies were a r b i t r a r i ly  se lec ted  

fo r  p ra c tic e  runs. In a l l  o ther re sp e c ts , the p rac tice  sessions were 

conducted in  a  manner id e n tic a l to  the two data co llec tio n  sessions. Ho 

more than ten  days separated  any of the  th ree  sessions and most were 

held  w ithin f iv e  days of one another.

Subjects ca rried  out loudness balances a t  each of the t e s t  f r e 

quencies which were presented and in  the order shown in  Table 2. There 

were fo u r b inaural conditions as  fo llow s: condition A wherein the r e f e r 

ence s ig n a l was presented to  a  s u b je c t 's  r ig h t ear by the loudspeaker 

with the comparison s ig n a l presented to  the l e f t  by the hearing a id
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TABUS 2

SEQUENCES OF FREQUENCY PRESENTATION IN THE 
ALTERNATE BINAURAL LOUDNESS BALANCES

Subject Session Freq.uency order

1 1 0.8 to 6 .4 kHz
1 2 3.6 to 6 .4 kHz; 0.8 to 3.2 kHz
2 1 6 .4 to 0.8 kHz
2 2 3.2 to 0.8 kHz; 6.4 to 3.6 kHz
3 1 3.6 to 6 .4 kHz; 0.8 to 3.2 kHz
3 2 0.8 to 6 .4 kHz
4 1 3.2 to 0.8 kHz; 6.4 to 3.6 kHz
4 2 6 .4 to 0.8 kHz
5 1 3 .6 to 6 .4 kHz; 0.8 to 3.2 kHz
5 2 0.8 to 6 .4 kHz
6 1 3 .2 to 0.8 kHz; 6.4 to 3.6 kHz
6 2 6 .4 to 0.8 kHz
7 1 0 .8 to 6 .4 kHz
7 2 3 .6 to 6 .4 kHz; 0.8 to 3.2 kHz
8 1 6 .4 to 0.8 kHz
8 2 3.2 to 0.8 kHz; 6.4 to 3.6 kHz
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rece iv er and earmold; condition B wherein the reference s ig n a l was 

presented to  the s u b je c t 's  r ig h t  ear by th e  rece iver-earm old with the 

comparison s ig n a l presented to  the l e f t  e a r  by the  loudspeaker; con

d itio n  G wherein the reference s ig n a l was presented to  the su b je c t 's  

l e f t  ear by the  loudspeaker and the comparison to  the  r ig h t ea r by 

the receiver-earm old ; and condition D wherein the reference s ig n a l was 

presented to  the s u b je c t 's  l e f t  e a r  through the receiver-earm old and 

the comparison s ig n a l was presented to  th e  r ig h t e a r  by the loudspeaker. 

The odd-numbered su b jec ts  p a rtic ip a te d  in  conditions A and B while the 

even-numbered su b jec ts  p a rtic ip a te d  in  conditions C and D, Hence, fo r  

the odd-numbered su b jec ts ,re fe ren ce  s ig n a l was d ire c te d  to  the r ig h t 

ea r , but the transducers were reversed in  the two sessio n s. The even- 

numbered su b jec ts  received the complement of these conditions. This 

sequence is  summarized in  Table 3#

Sound Pressure Level Measurements a t  the 
0-mm and the  5-inm P ositions

Following the ABLE procedure, sound pressure lev e l measurements 

were made a t  the 0-mm and the 5-™  p o sitio n s  in  the r ig h t ears  of fou r 

sub jec ts  and in  the l e f t  ears of fo u r su b jec ts . The hearing-aid  rece iv e r 

was driven with 0.016 v o lts  appearing across  i t s  input te rm inals . The 

t e s t  frequencies were the same as  in  the coupler measurements and in  the 

ABLB measurements. For the data c o lle c tio n , su b jec ts  were seated  in  the 

den ta l ch a ir  with th e i r  heads securely  f ix e d  by the  holding apparatus 

previously described . For both the 0-mm and the 3-mm p o sitio n s , the e a r

mold was resea ted  in  the  ear canal and sealed  with petroleum je l ly .  For 

fou r su b jec ts , the experimenter increased frequency in  the t e s t  in te rv a ls
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TABLE 3

ORDERING OP ABLE TEST CONDITIONS*

Subject Session 1 Session 2
1 A B
2 G D
3 B A
4 D G
5 A B
6 C D
7 B A
8 D G

*For meaning of A, B, G, and D see te x t .
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from 0.8 kHz to  6 ,4  kHz fo r  the 0-mm p o sitio n  and then decreased 

frequency in  the t e s t  in te rv a ls  from 6 .4  kHz to  0 .8  kHz fo r  the -̂mm 

p o sitio n . The complement of th is  t e s t  order was used fo r  the other fou r 

su b jec ts . For sub jects 2, 4, 6, and 8, the -̂mm data  were obtained 

f i r s t .



CHAPTER IV

RESULTS AND DISCUSSION 

Prelim inary Measurements 

Measurements were made from the coupler microphones with the 

probe tube In place in  each coupler a t  each of th ree  probe-tube p o sitio n s  

(O mm beyond the earmold t i p ,  5 mm beyond the earmold t i p  and 1 mm away 

from the coupler bottom). For each probe-tube p o sitio n , measurements 

were made both with the probe-tube ap ertu re  occluded with modeling clay 

and with the probe-tube ap ertu re  open. F in a lly , measurements were made 

from the coupler microphones when the probe tube was absen t. In th i s  

in stance , the probe-tube*s d r i l l  hole was occluded with modeling c lay . 

These measurements showed th a t  the presence of the probe tube or I t s  

lo ca tio n  In the cav ity  had no e f fe c t of p ra c tic a l  sign ificance upon the 

sound pressure lev e l a t  the coupler microphone diaphragms.

A dditionally , measurements were made with the probe-tube micro

phone while the probe tube was In place a t  each of the th ree  p o s itio n s . 

A lso, measurements were made from the probe-tube microphone with the 

probe-tube t i p  In place a t  each of the th re e  positions but with I t s  

ap e rtu re  occluded. Blocking the probe tube apertu re  reduced the sound 

pressure reaching the probe-tube microphone by not le ss  than 27 dB fo r  

th e  frequencies studied , thereby demonstrating th a t the sound tra n s 

m ission through the w alls of the  tubing used (o r through o ther pathways)

43



did not s ig n if ic a n tly  a f fe c t  the prohe-tube readings obtained with the 

normally-open tube.

R esults of Coupler Measurements 

Sound pressure lev e l measurements were made u t i l iz in g  the probe- 

tube instrum entation  assemblage a t  th ree  p o s itio n s  in  the 2-cc cav ity  and 

in  the Zwislocki coupler. The data obtained a t  each p o s itio n  were com

pared with those obtained a t  each of th e  o th er positio n s and w ith the 

lev e ls  developed a t  the analogous p o s itio n s  in  the ea r can a ls . One s e t 

of measurements was made with the probe tube positioned 1 mm from the 

coupler microphone. The second s e t  of measurements was made by a  probe 

tube placed a t  the t i p  of the earmold (0-ram p o s itio n ) . The th i rd  se t 

was made with the probe tube terminus a t  a  poin t 5 mm beyond th e  ear

mold t i p  (5-mm p o s itio n ) .

Coupler Microphone Measurements 

Figure 8 records the mean freq.uency-response data fo r  the 

hearin g -a id  receiver-earm old system recorded from the microphones in the 

2-cc cav ity  and in  the  Zwislocki coupler. The mean data appear in  tab u la r  

form in  Appendix I ,  There is  a s u b s ta n tia l decrease in  le v e l  in  each 

coupler from 0,8 kHz to  2 ,0  kHz, From 2 ,0  kHz to  kHz the  system 's 

frequency response is  e s se n tia lly  f l a t .  This f l a t  region i s  followed by 

diminished sound pressure lev e ls  through 4 ,8  to  6 ,4  kHz,

The s im ila r i ty  of the general configuration  of the  curves shown 

in  Figure 8 may be explained on the  b a s is  of various common elements in  

the two measurement s itu a tio n s  comprising the sound input system. These 

common elements include the re c e iv e r , the volume of a i r  over the re c e iv e r 's



F ig u r e  8 , Mean so u n d  p r e s s u r e  l e v e l s  t a k e n  f ro m  t h e  c o u p le r  m ic r o ih c n e s  
of th e  2 -cc and th e  Zw islocki coup lers  w ith a  co n s ta n t v o ltag e  inpu t to  th e  re c e iv e r .
The open c i r c le s  re p re se n t the d a ta  f o r  th e  Zw islocki co u p ler w hile th e  c lo sed  ^
c i r c le s  irepresent th e  d a ta  f o r  th e  2-cc c a v ity .
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diaphragm, and the recess  volume of the device -which coupled the 

re c e iv e r 's  nubhin to  the sound-ln le t tubing (I0,19f30,31f32t33»34,51>59). 

The concern of th is  in v e s tig a tio n , however, was with the d ifferen ces 

between the frequency response curves observed in  the two couplers.

The lev e ls  developed in  the 2-cc cav ity  f a l l  f a r th e r  and f a r th e r  

below those in  the Zwislocki coupler as frequency i s  increased. This is  

i l lu s t r a te d  more c le a r ly  in  Figure 9. The slope of the 2-cc cav ity  d a ta , 

p lo tte d  r e la t iv e  to  th a t  from the Zwislocki coup ler, i s  such th a t  i t  can 

be f i t  f a i r ly  well with a  s tr a ig h t  l in e  with a  slope of -4 ,3  dB per octave, 

Figure 9 a lso  provides a  comparison of the 2-cc cav ity  -  

Zwislocki coupler d iffe ren ces  observed in  th is  study with these  same d i f 

ferences observed by Sachs and Burkhard (50) , Good agreement between the 

r e s u l ts  of the two in v es tig a tio n s  i s  seen.

The in ter-earm old v a r ia b i l i ty  f o r  the  measurements taken in  the  

two couplers i s  reported  in  Table 4 , The -v a riab ility  between earmolds i s  

e s s e n tia l ly  the  same fo r  the  da-ta from the two couplers although th ere  i s  

a  s l ig h t  tren d  fo r  la rg e r  standard  dev iations f o r  the measurements made 

in  the  Zwislocki coupler,

Probe-Tube Measurements in  the Couplers 

The mean sound pressure lev e ls  recorded from the probe-tube 

instrum entation a t  the 0-mm, 5-mm, and the 1-mm from-the-bottom probe- 

tube positio n s fo r  the two couplers appear in  Figures 10 and 11, In te r 

earmold standard dev ia tions f o r  these data appear in  Table 5 . ühe mean 

data  fo r  these  measurements a re  l i s t e d  in  Appendix I I ,

The data p lo tte d  in  Figures 10 and 11 a re  the d ifferen ces ( in  

dB) observed between the le v e ls  a t  the diaphragm of the probe-tube



F igure 9. Sound p ressu re  le v e ls  recorded  from th e  co u p le r microphone in  
th e  2-cc c a v ity  r e la t iv e  to  th e  le v e ls  recorded from th e  co u p le r microphone in  th e  g
Zw islocki coup ler f o r  t h i s  in v e s tig a tio n  and f o r  th e  in v e s tig a tio n  of Sachs and Burkhard 
(50 ) ,  The s o l id  l in e  re p re se n ts  d a ta  in te rp o la te d  from S ach 's  and B urkhard 's F igure 1 
and th e  sq^uares re p re se n t th e  d a ta  f o r  the  c u rre n t s tudy .
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TABLE 4

STANDARD DEVIATIONS FOR THE SOUND LEVELS OBTAINED IN 
THE 2-cc CAVITY AND THE ZWISLOCKI COUPLER 

ACROSS FREQUEl'ICY AS MEASURED FROM THE 
COUPLER MICROPHONES (N=16)

Frequency
kHz

2-cc cav ity  
S.D.

Zwislocki coupler 
S.D.

0.8 1.91 0.74
1.2 1.21 0.76
1.6 0.81 0.98
2.0 0.54 1 .04
Z A 0.53 0.96
2.8 0.26 , 0.65
3.2 0.60 0.94
3.6 0.72 0.91
i .̂O 0.88 1.01
k ,k 0.68 0.79
4.8 1.09 1.62
5.2 0.95 1.25
5.6 0.59 1.42
6.0 0.68 1.22
6.4 0.88 1.30



Figure 10. The mean sound p ressu re  le v e l  recorded  a t  th e  diaphragm o f the 
probe-tube microphone p lo t te d  r e la t iv e  to  th e  le v e l  a t  th e  co u p ler microphone a t  each 
frequency f o r  each of th e  th re e  probe-tube p o s itio n s  in  th e  2-cc c a v ity . The open 
squares re p re se n t th e  d a ta  f o r  th e  measurements made 1 mm from th e  co u p le r bottom, th e  
c lo sed  c i r c l e s  re p re sen t th e  measurements made a t  th e  ^-mm p o s it io n , and th e  open c i r c le s  
re p re se n t th e  measurements made a t  the  0-mm p o s it io n .
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F igure 11, The mean sound p ressu re  le v e l  recorded  a t  th e  diaphragm of 
th e  p robe-tube microphone p lo t te d  r e la t iv e  to  th e  le v e l  a t  the  co u p le r microphone
a t  each frequency f o r  each of th e  th re e  p robe-tube p o s itio n s  In th e  Zw islocki co u p le r, ^
The open squares re p re se n t th e  d a ta  f o r  th e  measurements made 1 mm from th e  coup ler 
bottom, th e  c lo sed  c i r c l e s  re p re se n t th e  measurements made a t  th e  S^jm. p o s it io n , and 
the  open c i r c le s  re p re se n t th e  measurements made a t  th e  0-mm p o s it io n .
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TABLE 5

INTEH-EAMOLD STANDARD DEVIATIONS (in  dB), BY 
FREQUENCY, FOR PROBE-TUBE MEASUREMENTS IN 

THE 2-cc CAVITY AND IN THE ZWISLOCKI 
COUPIER (N=16)

2-cc cav ity  Zwislocki Coupler
kHz 1 ram bottom ^ ram 0 mm 1 ram bottom $ ram 0 mm
0.8 1.19 1.50 1.25 1.01 1.17 0.30
1,2 0.93 0.86 1.30 0.86 0.44 0.55
1.6 0.74 0.60 0.87 1.12 0.75 0.52
2.0 0.68 0.44 0.50 0,80 0.44 0.44
2.4 0.60 0.61 0.43 0.74 0.56 0.70
2.8 0.68 1.03 0.82 0.88 0.81 0.62
3.2 0.72 0.53 0.70 1.02 0.80 0.91
3.6 0.85 0.55 0.92 0.75 0.93 0.96
4.0 0.98 1.04 1.21 0.94 1.25 0.83
4.4 0.56 0.94 1.51 1.06 1.26 0,81
4.8 0.83 1.38 1.78 1.25 1.09 1.30
5.2 0.82 1.16 2.55 1.11 0.95 1.40
5.6 0.93 1.06 2.01 1.17 0.98 1.54
6.0 0.80 1.02 1.35 0.97 1.14 1.35
6.4 1.06 1.38 1.99 1.34 1.40 1.09
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microphone and those observed a t  the coupler microphone a t  the same 

frequency and the same input voltage to  the h ea rin g -a id  rece iv er.

As expected, th e  le v e ls  a t  the probe-tube microphone decrease 

re la tiv e  to  those a t  th e  coupler microphone in  each coupler as  frequency 

i s  increased. I t  should be noted th a t  the le v e ls  a t  the h ighest f r e 

quencies do not drop to  the  extremely low values u su a lly  observed with 

hearing-aid  rece iv ers  because the  data i s  recorded r e la t iv e ly  ( i , e . ,  

i . e . ,  probe tube-microjhone data re  coupler microphone d a ta ) .

In Figure 10, which records the r e s u l ts  from the 2-cc cav ity , 

there appear to  be no d iffe ren ces  of a  system atic na tu re  among the mean 

sound pressure le v e ls  measured a t  the  th ree  probe-tube positio n s from 0,8 

to  2,8 kHz, S ta rtin g  a t  2 ,8  kHz, the curve rep resen ting  measurements a t  

the 0-mm p o sitio n  diverges from the curves rep resen ting  measurements 

made 1 mm from the coupler bottom and a t  the 5-mm p o s itio n . Sound p res

sure le v e ls  observed a t  th e  0-mm po sitio n  a re  d is t in c t ly  d iffe re n t from 

e ith e r  of the o ther two s e ts  of data in  the range from 4 .4  kHz to  6 ,4  kHz, 

Figure 11 re p o rts  data obtained in  a  s im ila r  manner with the 

Zwislocki coupler. Again, through 2 ,8  kHz the  le v e ls  recorded a t  the 

three p o sitio n s  a re  e s s e n tia l ly  id e n tic a l. Above th a t  frequency, lev e ls  

recorded a t  the 5-mm p o s itio n  a re  only s l ig h tly  le s s  than those recorded 

1 ram from the coupler bottom. Although the d iffe ren ces  a re  not as  large 

as  observed in  the 2-cc c a v ity , the  lev e ls  recorded a t  th e  0-mm position  

are d iscrepan t from the  le v e ls  recorded fo r  the o ther two positions above 

2,8 kHz,

Figures 12, 13, and l4  compare and describe the acoustic  per

formance d ifferen ces between the two couplers based on measurements a t



Figure 12, The mean sound p ressu re  le v e l  recorded  by th e  probe-tube microphone 
when lo c a te d  1 mm from th e  coup ler bottom in  each of th e  two coup lers  p lo t te d  r e la t iv e
to  th e  le v e l  a t  th e  re sp e c tiv e  co u p le r microphones a t  each frequency . The open c i r c l e s  ^
re p re se n t th e  d a ta  f o r  th e  2-cc c a v ity  and th e  c lo sed  c i r c l e s  zrepresent th e  d a ta  f o r  
the  Zw islocki co u p le r.
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Figure 13 . The mean sound p ressu re  le v e l  a t  th e  5-nua p o s itio n  in  each of 
th e  coup lers p lo t te d  r e la t iv e  to  th e  le v e l  recorded  from th e  re sp e c tiv e  coup ler
microphones a t  each freq.uency, Ihe open c i r c l e s  re p re se n t th e  d a ta  f o r  th e  2 -cc ^
c a v ity  and th e  c lo sed  c i r c l e s  re p re se n t th e  da ta  f o r  th e  Zw islocki co up ler.
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Figure 1^, The mean sound p ressu re  le v e l  a t  th e  0-mm p o s it io n  in  each of the  
coup lers  p lo t te d  r e la t iv e  to  th e  le v e l  recorded  from the re sp e c tiv e  co u p le r microphone ^
a t  each frequency . The open c i r c l e s  re p re se n t th e  d a ta  f o r  th e  2 -cc c a v ity  and the  M
clo sed  c i r c l e s  re p re se n t the d a ta  f o r  th e  Zw islocki co up ler.
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each of the  th ree prohe-tube p o s itio n s . The curves in  these th ree  

f ig u re s  a re  the same curves as  those in  Figures 10 and 11, Figure 12 

compares the re s u l ts  fo r  the 1 mm from -the-coupler bottom p o sitio n  ob

ta in ed  in  the two couplers. The sound le v e ls  recorded in  the two couplers 

a re  n early  id e n tic a l. In Figure 13 which c o n tra s ts  th e  re s u l ts  obtained 

a t  the _5-mm p o s itio n , the two curves a re  v i r tu a l ly  in d istin g u ish ab le  

except fo r  a s lig h t  d ifference a t  2 .4  and 6 .4  kHz, Figure 14 shows 

s l ig h t  coupler d iffe ren ces  under the  0-mm-measurement condition in  the 

range from 2 .0  to  3*2 kHz, but s u b s ta n tia l coupler d iffe ren ces  a re  seen 

a t  and above 4 .8  kHz.

The data presented and compared in  the f iv e  previous f ig u res  

in d ica te  th a t  measurements made a t  po in ts  proximal to  the sound-in let 

bore d i f f e r  from those sound pressures measured a t  the bottom of the 

cav ity . Sachs and Burkhard (49) previously  observed th is  e f fe c t. They 

explained th e i r  observations on the b a s is  of In g a rd 's  (21) theory of the 

ra d ia tio n  of sound in  c y lin d ric a l c a v it ie s .  For low frequencies, they 

reasoned, the reactance of a  cav ity  i s  negative. For sound pressures 

near th e  sound-in le t tube there  i s  a  p o s itiv e  reactance (o r in ertan ce).

I t  fo llow s, as  they point out, th a t  th e  to t a l  t r a n s fe r  reactance i r i l l  be 

zero a t  some p a r tic u la r  frequency a t  p a r t ic u la r  lo ca tio n s  in  the cav ity . 

Then, the  sound pressure lev e l w ill be su b s ta n tia lly  lower. This f r e 

quency i s  ca lle d  f^  by Sachs and Burkhard. As measurements are  made a t  

po in ts f a r th e r  away from the sound-in let tube, the  frequency of f^  in 

creases. They s ta te  th a t  as  a  function  of frequency the loca tions of 

dim inished sound pressure in  a  c irc u la r  cav ity  a re  determined by sev

e ra l  geometric param eters. The most im portant of these  a re  the r a t io  of
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the sound-ln let tube’s diam eter to  cav ity  diam eter and the r a t io  of 

the diam eter of the cav ity  to  leng th  of the cav ity . Because th is  i s  

tru e ,  i t  follows th a t  the  frequency regions of diminished sound pressure 

le v e ls  would not be the  same f o r  id e n tic a l lo ca tio n s  ( re la t iv e  to  the ear

mold) in  c a v itie s  of d is s im ila r  s ize  or configuration  and /or c a v itie s  

having d iss im ila r  sound-in le t tube diam eters,

In an attem pt to  fu r th e r  evaluate these data in  terms of Sachs’ 

and Burkhard’s ap p lica tio n  of Ingard’s theory , the au thor communicated 

with R.M, Sachs idio, together with Burkhard, had previously developed 

a  computer program which evaluates the tra n s fe r  impedance of a  cy lin 

d r ic a l  closed cavity  with a rb i tr a ry  dimensions (47). Provided with 

dimensional data p e rtin e n t to  the couplers and the  asso cia ted  sound- 

in le t  tube and probe-tube systems used in  th is  in v es tig a tio n , Sachs 

employed h is  program to  evaluate the sound pressure d is tr ib u tio n  a t  the 

frequencies of in te re s t  in  th is  in v estig a tio n  f o r  the 2-cc cav ity  and fo r  

a  c a v ity  with the dimensions of the  Zwislocki coupler.

Figure 15 shows the r e s u l ts  obtained in  th is  study f o r  the 0-mm 

p o sitio n  p lo tted  re la t iv e  to  the re s u l ts  observed a t  the 1-mm-from-the-  

coupler-bottom p o s itio n  in  each coupler. For the  Zwislocki coupler, the 

le v e l a t  the  0-mm p o sitio n  r e la t iv e  to  the le v e l near the coupler bottom 

decreases a s  frequency increases a t  a  slope of approximately 2 to  3 dB 

per octave. For the 2-cc cav ity , the re s u l t  i s  e s se n tia l ly  equivalent 

to  the Zwislocki coupler r e s u l t  through 4 ,0  kHz, bu t, a t  6 .0  kHz, an 

antiresonance of 20 dB occurs.

Figure l6  i l l u s t r a t e s  the obtained r e s u l t  from th i s  study 

(Figure 15) fo r  the 2-cc cav ity  and a  comparable computer generated



F igure  I 5 . The r e s u l t s  ob ta ined  a t  th e  0-mra p o s it io n  p lo t te d  r e la t iv e  
to  th e  r e s u l t s  ob ta ined  1 mm from th e  co u p le r bottom f o r  th e  2-cc c a v ity  and f o r
th e  Zw islocki co u p le r. The open c i r c le s  re p re se n t th e  d a ta  f o r  th e  2-cc c a v ity  vSî'
and th e  c lo sed  c i r c le s  re p re se n t th e  d a ta  f o r  th e  Zw islocki co u p le r.
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Figure 16 , The r e s u l t s  ob tained  a t  th e  0-iam p o s it io n  p lo t te d  r e l a t iv e  to  th e  
r e s u l t s  ob ta ined  1 mm from th e  coup ler bottom f o r  th e  2 -cc  c a v ity  and th e  th e o r e t ic a l
ire su it provided by Sachs (^ 7 ). The s o l id  l in e  re p re se n ts  th e  th e o r e t ic a l  r e s u l t  and ^
th e  open c i r c le s  re p re se n t th e  em p irica l r e s u l t s  f o r  th e  2-cc c a v ity .
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th e o re tic a l curve provided by Sachs (4?). The an tlresonan t frequency 

fo r  the obtained data occurs a t  6 .0  kHz, The th e o re tic a l antiresonance 

occurs a t  7 .0  kHz, The source of th is  discrepancy i s  not c lea r. However, 

i t  i s  noted th a t  a  change in  the assumed d istance between the probe-tube 

o r if ic e  and the sound-in let tube o r if ic e  to  a  someidiat sm aller value 

would s h i f t  the ca lcu la ted  antiresonance downward to  th a t observed. Sachs 

(48), in  a l a t e r  communication, speculated th a t the s lig h t  d ifference 

between observed and th e o re tic a l r e s u l ts  may be a ttr ib u ta b le  to  the f a c t  

th a t the sound-in let tube was no t loca ted  a t  the p rec ise  geometric cen

t e r  of the c av ity .

Figure 17 d ep ic ts  the th e o re tic a l  r e s u l t  and the obtained r e s u l t  

fo r  the Zwislocki coupler. Ihe f ig u re  a lso  allow s a  comparison with data 

reported  by Zwislocki (60). (Z w islock i's  data  po in ts  a lso  rep resen t the 

d iffe ren ces  observed between measurements made in  h is  coupler a t  a  poin t 

corresponding to  the t i p  of an earmold and a t  the coupler bottom, but he 

apparently  made these measurements with the coupler placed in  a  sound- 

f i e l d . ) The s im ila r i ty  between th e  th ree  curves i s  obvious below 5 .2  kHz. 

Z w islocki's data  and the data of the present in v e stig a tio n  are  in  good 

agreement a t  le a s t  through 6 ,0  kHz. A sharp antiresonance appears a t  7.0 

kHz fo r  the th e o re tic a l curve, A le s s e r  sound pressure drop i s  seen in  

Zw islocki's d a ta . An antiresonance i s  not apparent in  the r e s u l ts  of th is  

in v es tig a tio n . I t  w ill be re c a lle d  th a t  Sach 's data were generated 

assuming a simple hard-w alled cav ity  having the dimensions of a  Zwislocki 

coupler. No ca lcu la tio n s  were made by Sachs which incorporated the ad

d itio n a l reactance and re s is ta n c e s  which a re  p a rt of the Zwislocki coup

l e r 's  design . I t  i s  possib le  th a t  a  sound pressure drop would have



F igure 17 . The r e s u l t s  ob tained  a t  th e  0~mm p o s it io n  p lo t te d  r e l a t iv e  to  the  
r e s u l t s  ob ta ined  1 mm from th e  co u p le r bottom f o r  th e  Zw islocki co u p le r, th e  th e o r e t ic a l  
r e s u l t  provided by Sachs, and d a ta  rep o rted  by Zw islocki ( 60) ,  The s o l id  l in e  re p re se n ts  o
th e  th e o r e t ic a l  r e s u l t ,  th e  dashed l in e  was In te rp o la te d  from Z w is lo ck i's  F igure 7 » and 
th e  c lo se d  c i r c l e s  re p re se n t th e  d a ta  f o r  th e  p re se n t in v e s tig a tio n .
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a t  some frequency g re a te r  than 6 ,4  kHz in  the data o f th is  study a s  i t  

does in  Zw islocki's d a ta . However, i t  seems probable th a t  the absence 

of the  sound pressure drop, a s  w ell a s  the le s s e r  sound pressure de

crease seen in  Z w islock i's  d a ta , occurs because of the  su b s tan tia l r e 

s is t iv e  component p resen t in  th e  Zwislocki coupler, a  fa c to r  which was 

not included in  the Sachs computer program. When the reactances cancel 

each o ther the presence of re s is ta n c e  prevents the  sound pressure from 

fa l l in g  to  zero. The g re a te r  the  r e s is t iv e  component of the coupler 

impedance, the more shallow the n u lls  w ill be.

Probe Tube C alib ra tion  

Because the probe-tube e f fe c ts  in  the  two couplers a re  more 

s im ila r  as  the  measurements a re  made a t  po in ts  n ea re r the coupler micro

phone and because the coupler microphone i s  analogous to  the lo ca tio n  

of the tympanic membrane in  the e a r  canal, subsequent probe-tube correc

tio n s  used in  th is  in v e s tig a tio n  were derived on the basis  of the d i f 

ferences observed fo r  each coupler between the sound pressure le v e ls  

recorded by the probe tube 1 mm from the coupler bottom and the sound 

pressure lev e ls  recorded by the coupler microphone. These d iffe ren ces  

were averaged across the two couplers a t  each frequency. Figure 12 

(page 58) displays the data  which were averaged and Appendix I I I  l i s t s  

the co rrec tio n  values th a t  were used.

The in ter-earm old standard  dev iations rep o rted  in  Table 5 

(page 55) show very l i t t l e  system atic v a r ia tio n  with frequency, but 

th ere  was a tendency f o r  the v a r ia b i l i ty  to  become la rg e r  as  frequency 

was increased . O verall, the  measurements made in  the 2-cc cav ity  a t  the
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0-mm p o sitio n  are  more v a riab le  than the measurements made a t  the  o ther 

p o s itio n s  in  the 2-cc cav ity  o r a t  any of the th re e  positions in  the 

Zwislocki coupler. The standard dev iations repo rted  in  Table 5 a re  s l ig h t ly  

la rg e r  than those reported  by Zachman (59) f o r  a  0-mm condition f o r  f r e 

quencies below 5 .0  kHz, He rep o rted  a  range of standard deviations from 

0.2 to  0,83 dB.

Results of Ear Canal Measurements

Sound pressure le v e ls  were measured a t  th ree  locations in  the 

e a r canals of each of the su b je c ts . The re su ltin g  le v e ls  a t  each p osi

tio n  were compared with each o ther and with the le v e ls  developed a t  the 

analogous positions in  the couplers. One s e t  of measurements involved 

an a l te rn a te  b inaural loudness balance procedure which allowed the sound 

lev e l a t  a point 1 mm from the  tympanic membrane of the ear in  which the 

earmold was worn to  be in fe rre d  from th a t le v e l a c tu a lly  measured 1 mm 

from th e  tympanic membrane of the opposite ea r. The second s e t  of 

measurements was made by a probe tube placed a t  the t i p  of the earmold 

(O-mm p o s itio n ) , The th ird  s e t  was made with the probe tube terminus a t  

a  po in t 5 mm beyond the earmold t i p  (5-mm p o s itio n ) .

Obtaining the Sound Pressure Level 1 mm from the lÿmpanic 
Membrane of an Occluded Ear Ganal

In two of the fo u r experim ental conditions involving the a l t e r 

nate  b in au ra l loudness balance procedure one e a r  of each of e ig h t sub jec ts  

received  the reference s ig n a l from the loudspeaker vdiile the comparison 

s ig n a l was delivered  by the receiver-earm old combination to  the con tra

l a t e r a l  e a r  (conditions A and C), In the o ther two conditions one ear of
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each of e igh t su b jec ts  received  the reference s ig n a l from the earmold- 

re c e iv e r  combination ■while the opposite e a r received  the comparison 

s ig n a l from the loudspeaker (conditions B and D), (See pages 38-40 fo r  

a  d e ta ile d  d iscussion  of the procedure.)

% ble 6 l i s t s  the  medians and in te rq u a r t i le  ranges f o r  the com

parison  s ig n a l le v e ls  ;dien s e t  by the su b jec ts  a t  a  le v e l they judged to  

be equal in  loudness to  the reference s ig n a l in  the opposite ea r. These 

values have been co rrec ted  f o r  the probe tube frequency response, the 

d e riv a tio n  of which i s  described on page 72. The means and in te r-su b je c t 

standard deviations f o r  conditions A and G and B and D a re  l i s t e d  in  

Appendix IV. The s-tandard dev iations a re  h ighly  ■variable from frequency 

to  frequency sometimes reaching very ia rg e  values, p a r t ic u la r ly  ràien the 

speaker served as the reference . The occurrence of these sporadic large 

values i s  the r e s u l t  of occasionally  h igh ly  d iscrepan t loudness balances. 

The e f fe c t  of these values was to  unduly influence the mean under p a r t i 

c u la r  measurement co n d itio n s. For th is  reason, the  medians and in te r 

q u a r ti le  ranges were thought to  more accu ra te ly  r e f le c t  the tru e  circum- 

s-tances and were used to  describe the da^ta. I t  may be noted, however, 

th a t  the d ifferences between the means (see Appendix IV) and the medians 

(Thble 6) a re  le s s  than 2 , 0  dB except a t  2 ,8 , 5*2, 5*6 and 6 ,4  kHz in  

conditions B and D and except a t  4 .8  and 5*2 kHz in  conditions A and G.

The median data  fo r  conditions A and G ( l e f t  hand column of 

Table 6) represen t the median sound pressure le v e ls  of the comparison 

s ig n a ls  a t  equal loudness (these s ignals  were measured with the probe- 

tube t i p  located  a t  the t i p  of the earmold). A s ig n a l s e t  a t  65 dB SPL 

(measured by a probe tube) 1 mm from the con^tialateral tympanic membrane
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TABLE 6

MEDIANS AND INTSR-QUARTILE RANGES OP THE 
COMPARISON SIGNAL SPL NHIGH ADJUDGED 

EQUALLY LOUD TO A 65 dB SPL 
SIGNAL IN THE OPPOSITE EAR* 

(Corrected f o r  Probe 
Tube Response)

Conditions A and C Conditions B and D
kHz Median In te rq .m rtile  %.nge Median In te rq .u artile  Range

0.8 66.1 61. 6- 69.0 66.5 64.5 - 67.4
1.2 64.1 61. 1- 69.2 63.5 61.5 - 65.4
1 .6 69.1 66. 6- 71.4 64.2 61. 8- 66.0
2 .0 66.4 61. 0- 68.8 61.9 60.2- 63,5
2 .4 66.9 63. 8- 70.0 62.2 60.3- 63.6
2 .8 66.3 59 . 9- 70.6 65.6 61.3- 66.2
3.2 65.7 64.1-66.8 68.1 62.6- 68,8
3.6 71.3 64.1-72.2 67.3 63. 8- 69.5
4 .0 68.2 64,6-72.8 64.5 60.1-68.9
4 .4 65.4 64.8-71-3 67.8 63.2- 71.0
4 .8 66.9 65. 0- 71.0 71.3 68.1- 72.6
5.2 60.3 57 . 6- 78.6 72.9 69. 0- 74.6
5 .6 63.1 58 . 1- 76.4 67.6 64.0-76.0
6.0 64.6 62. 0- 67.2 67.2 64,2- 69.6
6 .4 62.6 60. 7- 65.2 67.1 65.3-74.0

*When the reference was presented by the speaker, the le v e l was 
s e t  a t  65 dB SPL 1 mm from the eardrum a t  each frequency. Conversely, 
when the reference was presented by the rece iv e r, the le v e l was s e t  a t  
65 dB SPL a t  the earmold t i p  a t  each frequency.
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served as  the reference , Hie upper curve in  Figure 18 shows the le v e ls  

of the comparison s ig n a ls  p lo tte d  r e la t iv e  to  the le v e ls  of the reference 

(65 dB SPL) a t  the tympanic membrane of the opposite ea r.

Hie median data  f o r  conditions B and D ( r ig h t  hand column of 

Hible 6) a ls o  repiresent the median sound pressure le v e ls  of the compari

son s ig n a ls  a t  equal loudness (these s ig n a ls  were measured with a  probe 

tube placed 1 mm from the tympanic membrane), A s ig n a l s e t  a t  65 dB 

SPL (measured by a  probe tube) a t  the  earmold t i p  in  the ear canal of 

the c o n tra la te ra l ea r served as  the reference. The lower curve in  

Figure 18 shows the le v e ls  of the comparison s ig n a ls  p lo tted  re la t iv e  

to  the le v e ls  of the reference  (65 dB SPL) a t  the earmold t i p  in  the ear 

canal of the opposite e a r .

The re la tio n sh ip  of the  comparison s ig n a l lev e ls  to  the r e f e r 

ence s ig n a l le v e ls  per se were not of p a r t ic u la r  in te r e s t  in  th i s  in v es- 

t ig 9,tion . Bather, the a l te rn a te  b inaural loudness balance procedure was 

used to  e s ta b lish  the re la tio n sh ip  between the le v e ls  a t  the tympanic 

membrane and those a t  the  earmold t i p .  The lower curve in  Figure 18, 

because the s ig n a l measured a t  the earmold t i p  served a s  the re fe ren ce , 

conveniently i l lu s t r a t e s  the  re la tio n sh ip  between the lev e ls  a t  the 

tympanic membrane and those a t  the earmold t i p  fo r  conditions B and D,

In order to  put the d a ta  f o r  conditions A and G in  the  same form, 

th ree s teps were taken. F i r s t ,  the  d ifferences shown in  the upper por

tio n  of Figure 18 between the le v e l a t  the earmold t i p  (the le v e l of the 

comparison s ig n a l)  and the  0 dB lin e  (65 dB SPL a t  the opposite tympanic 

membrane) were noted f o r  each frequency. Secondly, negative d ifferences 

(values below the 0 dB l in e )  were changed to  p o s itiv e  d ifferences and



F igure 18, Levels o f th e  comparison s ig n a ls  r e l a t iv e  to  those  o f th e  re fe ren ce  
s ig n a ls  a t  equal loudness. For th e  upper cu rve, th e  comparison s ig n a l was measured a t  the  
earmold t i p  (co n d itio n s  A and C). For th e  low er cu rve, th e  comparison s ig n a l  was Zq
measuired 1 mm from th e  tympanic membrane (co n d itio n s  B and D),
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p o sitiv e  d iffe ren ces  (vaines above the 0 dB l in e )  were changed to  

negative d iffe ren ce . F in a lly , a f t e r  changing the sig n  fo r  the value 

a t  each frequency, the data  were re p lo tte d  in  the upper po rtion  of 

Figure 19. For example, a t  1 ,6  kHz the value above the 0 dB lin e  was 

+3.5  <1B, In  the upper p o rtion  of Figure 19, the value m s  re p lo tte d  as  

-3 .5  dB, Therefore, a t  th i s  frequency, idien the le v e l a t  the earmold 

t i p  m s  65 dB SPL, the le v e l  a t  the tympanic membrane m s 61,5 dB SPL,

The median le v e ls  a t  the tympanic membrane re la tiv e  to  the le v e ls  

measured a t  the earmold t i p  a t  equal loudness ( fo r  conditions A and C and 

f o r  conditions B and D) a re  p lo tte d  in  the upper portion  of Figure 19,

The two values a t  each frequency were averaged in  o rder to  e s ta b lish  the 

average d iffe ren ces  between the sound pressure le v e ls  1 mm from the 

tympanic membrane r e la t iv e  to  those a t  the earmold t i p  a t  equal loudness. 

At 1 .6  kHz, f o r  example, when the le v e l of the reference s ig n a l a t  the 

earmold t i p  m s  65 dB SPL, the  le v e l 1 mm from the tympanic membrane m s

62,5 dB SPL, These d ifferen ces a re  i l lu s t r a te d  in  the bottom portion  of 

Figure 19 and w ill  h e re a f te r  be re fe rre d  to  as  the values fo r  K.

Ihe a l te rn a te  b inaural loudness balance data were used fo r  

deriv ing  the frequency response of the receiver-earm old combinations a t  

a  p o s itio n  1 mm from the tympanic membrane, (This procedure, of course, 

assumes th a t  a t  equal loudness the  sound pressure le v e ls  a t  the two 

tympanic membranes a re  e q u a l.)  As an  interm ediary s te p , the frequency 

response of the hearing -a id  rec e iv e r  a t  the earmold t i p  m s derived.

Then the  values f o r  K (rep resen ting  the d ifferences between the lev e ls  

a t  the earmold t i p  and the le v e ls  a t  the tympanic membrane) were used 

to  c a lc u la te  ttie frequency response a t  the tympanic membrane.



F igure 19. Curves i l l u s t r a t i n g  d if fe re n c e s  between median sound p ressu re  
le v e ls  measured a t  th e  earmold t i p  and a t  a  p o s it io n  1 mm from the  tympanic membrane
a t  eq[ual loudness. A ll curves show th e  le v e l  a t  th e  tympanic membrane r e la t iv e  to  th a t  a t  the ^
earmold t i p .  Open c i r c le s  re p re se n t th e  d a ta  y in  th e  same form p rev io u sly  p lo t te d  in  th e  o
upper p o r tio n  o f F igure 18 a f t e r  t h e i r  s ig n s  were changed a s  d escrib ed  in  the t e x t .
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The d e riv a tio n  Involved the ca lc u la tio n  of the  sound pressure 

lev e ls  th a t  would have been developed a t  the  earmold t i p  by a  constant 

voltage input to  the hearing-aid  re c e iv e r. Because these  data were to  

be compared with data co llec ted  f o r  the  couplers, th e  vo ltage ih lch  

drove the hearing-aid  re ce iv e r  in  the coupler measurements was used.

This value was 0,66 v o lts .  The follow ing formula summarizes the d e r i

vation  of the  h earing -a id  rece iv e r frequency response :

Lgjj = 65 dB SPL + 20 log^o 0,66v/e

where i s  the derived sound p ressure le v e l a t  the earmold t i p  a t  a 

p a r t ic u la r  frequency with 0,66 v o lts  impressed acro ss  the re c e iv e r’s 

term inals . The value 65 dB SPL (the 0 dB lin e  in  the lower po rtion  of 

Figure 19) rep resen ts  the sound pressure le v e l a t  th e  earmold t i p  pro

duced by th e  voltage E, The values f o r  E were ca lcu la ted  by noting the 

median vo ltage a t  each frequency in  conditions B and D Tdiich developed 

a  sound pressure le v e l of 65 dB a t  the earmold t i p  to g e th e r with the 

voltages noted fo r  conditions A and C, However, because the median 

voltages observed in  conditions A and G developed le v e ls  o th er than 65 dB 

SPL, the median vo ltages observed in  the A and G cond itions were tra n s -  

foirmed to  the  voltage th a t  would have produced 65 dB SPL a t  the earmold 

t ip .  Bien f o r  each frequency, the  median values f o r  conditions B and D 

and the transform ed median voltages f o r  A and G were averaged. These 

averaged values fo r  E a re  l i s t e d  in  Qhble 7 . F in a lly , th e  r a t io s ,  in  

dec ib e ls , f o r  20 0,66v/e were ca lcu la ted  and a re  l i s t e d  in  Table 7.

The sound pressu re  le v e ls  produced a t  the  earmold by 0,66 v o lts  

were ca lcu la ted  by th is  form ula. The SPL re su lt in g  from these ca lcu la 

tio n s  a re  l i s t e d  in  Table 7 . For example, a t  1 ,6  kHz, the ca lcu la tio n
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TABLE 7

DATA USED IN DERIVING THE FREQUENCY RESPONSE 1 mm 
FROM THE TYMPANIC MEMBRANE

Freq.uency
kHz Eg 20 log 0.66/Eg Lg K*

0.8 .00368 45.1 110.1 +0.0 110.3
1.2 .00256 48.2 113.2 - 0.5 112.7
1.6 .00356 45.4 110.4 -2 .5 107.9
2.0 .00599 40.8 105.8 -2 .5 103.3
2 .4 .00955 36.8 101.8 -2 .5 99.3
2 .8 .00866 37.6 102.6 -0 .5 102.1
3.2 .00553 41.5 106.5 +1.0 107.5
3.6 .00539 41.8 106.8 -2 .0 104.8
4.0 ,00860 37.7 102.7 —2,0 100.7
4 .4 .01718 31.7 96.7 +1.0 97.7
4 .8 .03052 26.7 91.7 +2.0 93.7
5 .2 .06299 20.4 85.4 +6,5 91.9
5 .6 ,06184 20.6 85.6 +2.5 88.1
6.0 .06192 20.6 85.6 +1.5 87.1
6 .4 .09317 17.0 82.0 +2.5 84.5

*rounded to  the nearest 0,5 dB
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was as  follow s;

^EH = 65 dB SPL + 20 log^g 0.66v/0.00356v

^  = 65 dB SPL + 45.4  dB

^  = 110.4 dB SPL 
For the sound pressure lev e ls  developed a t  a  p o sitio n  1 mm from

the tympanic membrane, by 0,66 v o lts ,  the values of K, p lo tted  previously

in  the lower portion  of Figure 19, were added to  Lĝ  ̂ a t  each frequency.

At 1 ,6 kHz, fo r  example, the sound pressure le v e l 1 mm from the tympanic

membrane th a t  would have been produced by 0.66 v o lts  was ca lcu la ted  a s

follow s:

L^ = 110.4 dB SPL + -2 .5  dB 

= 107.9 dB SPL

idiere L^ i s  the derived sound pressure le v e l produced by 0.66 v o lts  and 

which was measured 1 mm from the tympanic membrane, and K is  the value 

(a t  each frequency) which represented  the d iffe ren ce  between the le v e l 

a t  the earmold t i p  and the le v e l a t  the tympanic membrane. The values 

of K and L^ are  l i s t e d  in  Ihble 7.

Probe-Tube Measurements a t  the 0-mm and the 5-™i P ositions in  
the Ear Canal and These Measurements Compared With the

Derived Data

In ad d itio n  to  the derived data , probe tube measurements were 

made a t  the 0-mm and the 5-fi™ probe-tube p o s itio n s  in  e a r canals. In 

these in stances, a  constant O.OI6 v o lts  appeared across the re c e iv e r 's  

term inals. In order to  make comparisons with the coupler data and the 

derived d a ta , the mean data in  these measurements were transformed by
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the formula; d ifference in  dB = 20 log^g 0.66 v o lts /0 ,0 l6  v o lts .

Ihus, 32.31 dB was added to  the mean a t  each frequency in  order to  

obtain the le v e l idiich would have been developed with 0.66 v o lts  

app lied  to  the hearing a id  re c e iv e r. % ble  8 l i s t s  the transformed 

means to g eth er with the standard dev ia tions fo r  these measurements.

The standard dev ia tions asso c ia ted  with these measurements 

appear to  be about the same s ize  fo r  the 0-mm and the 5-mm po sitio n s 

across frequencies. In ad d itio n  the data a t  the 0-mm and 5-mm po sitio n s 

e rfiib it v a r ia b i l i ty  q u ite  s im ila r  to  two other in v estig a tio n s . Zachman 

(59) reported  in te isu b je c t standard deviations of up to  6 ,7  dB fo r  phy

s ic a l  measurements in  a measurement s itu a tio n  and frequency range com

parable to  those of th is  study . S im ilarly , Sachs and Burkhard (50) 

observed standard dev ia tions of up to  5*0 dB a t  7 ,0 kHz f o r  measurrements 

a t  a  5-mm p o sitio n . In  c o n tra s t , McDonald (35) reported  standard  devia

tio n s  fbr s im ila r  measurements vAiich were never g re a te r  than 3*5 dB in  the 

frequency range below ^ .0  kHz,

Figure 20 rep resen ts  a  comparison of the sound pressure lev e ls  

measured a t  the 0-mm p o s itio n  measured with 0, 0l 6 vo lts  inpu t with the 

derived measurements made during the loudness balance experiment. (A ll 

lev e ls  were subsequently re fe r re d  to  a  0.66 v o lt input to  the receiver;) 

The s im ila r i ty  of the two curves a t t e s t s  to  the r e l i a b i l i t y  with which 

the measurements in  the e a r  canal were c a rrie d  out.

Figure 21 i l l u s t r a t e s  the frequency response of the re c e iv e r-  

earmold system measured a t  a  p o s itio n  1 mm from the tympanic membrane 

l i s te d  previously in  Table 7 and the frequency response curves measured 

a t  the 0-mm and ihe 5-mm p o sitio n s  in  e a r  canals (reported  previously  in  

Table 8 ).
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TABLE 8

MEAN SOUIID PRESSURE LEVELS* AND STANDARD DEVIATIONS 
(in  dB) PGR EAR GANAL LIEASUREI'ÎENTS AT THE 

0 mm AND AT THE 5 mm POSITIONS (N=8)

0 mm P o sitio n  5 mm P o sitio n
kHz Mean S.D. Mean S,D,

0.8 113.7 2.07 113.6 2.65
1.2 114.4 3.45 114.4 3.93
1.6 109.0 2.92 110.1 4.58
2 .0 105.3 2.26 106.6 4.58
2 .4 102.4 3.88 104.8 5.00
2 .8 101.9 5.44 105.6 5.60
3.2 108.1 7.43 108,0 6.18
3.6 103.6 6.26 106.0 6.56
4 .0 100.8 5.47 103.8 6.67
4 .4 100.4 5.28 104.3 7.39
4 .8 93.3 4.78 97.9 7.63
5.2 87.2 4.75 89.3 7.64
5 .6 86.5 6.36 86.0 7.00
6.0 85.0 7.76 83.5 6.36
6 .4 86.8 7.26 83.2 6,60

*These means rep resen t the mean a c tu a lly  observed plus 
32,31 cLB as  described on page 85,



Figure 20, Sound p re ssu re  le v e ls  measured a t  th e  0-mm p o s it io n  in  th e  e a r  can als  
and sound p ressu re  le v e ls  a t  th e  earmold t i p  measured during  th e  loudness balance procedure, (%,
The open c i r c l e s  re p re s e n t th e  0-mm d a ta  and th e  c lo sed  c i r c le s  re p re s e n t the  d eriv ed  d a ta ,
(A ll le v e ls  a re  r e fe r r e d  to  0,66 v o lts  a c ro ss  the  r e c e iv e r 's  te rm in a ls .)
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Figure 21, Median sound p ressu re  le v e ls  1 mm from th e  tympanic membrane 
deriv ed  from th e  loudness balance procedure, sound p ressu re  le v e ls  measured a t  th e  ^-mm 
p o s itio n  in  e a r  c a n a ls , and sound p ressu re  le v e ls  measured a t  the  0-mm p o s it io n  in  e a r  
c an a ls . The c lo sed  c i r c le s  re p re se n t th e  _$-mm d a ta , th e  open c i r c le s  re p re se n t the 0-mm 
d a ta , and the  open squares re p re s e n t the  d a ta  re p re se n tin g  measurements 1 mm from the 
tympanic membrane.
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The 0-iam curve e s se n tia l ly  p a ra l le ls  the 5-mm curve up to  2 ,4  

kHz lAere i t  f a l l s  below the l a t t e r  by 2 ,0  dB, At 3,2 kHz, a  resonance 

appears and, a t  th a t frequency, the 0-mm curve re jo in s  the curve.

A fter the resonant peak, the O-irnn curve f a l l s  3 ,0  to  4,5 dB below i t s  

5-ram counterpart. The curves cross between 5,2 and 5 , 6  kHz; above th is  

frequency, the 5-ram curve l i e s  below the 0-mra curve.

The curve represen ting  the sound p ressure lev e l 1 mm away from 

the tympanic membrane f a l l s  below the o ther two curves a t  a l l  frequencies 

below 2 ,8  kHz and l i e s  below the  5-mm curve a t  2 ,8  kHz, Through th is  

range, f o r  ejample, i t  courses 2 ,0  to  5*0 dB below the 5-mm curve. From 

3.2 kHz, \h ere  the curves jo in , to  4 ,8  kHz the 1-mm curve f a l l s  below 

the 5 ram curve, reaching the g re a te s t  d iffe ren ce  a t  4 ,4  kHz (6 ,0  dB),

From 5.2 to  6 ,0  kHz the 1-mm curve l i e s  above the 0-mm and 5-mm curves 

while a t  6 ,4 kHz i t  l i e s  between them.

The orderly  e ffe c ts  of probe-tube lo ca tio n  upon SPL seen p re

v iously  in  the data gathered in  the couplers, p a r tic u la r ly  in  the 2-cc 

cav ity , were not seen in  the e a r  canal measurements. As discussed 

e a r l i e r ,  there  is  reason to  believe  th a t  reactance varies with p o s itio n s  

in  a  cav ity . P a r tic u la r ly  in  the  2-cc cav ity  measurements of th is  inves

t ig a t io n ,  the 0-mm measurements were su b s ta n tia lly  influenced by the 

probe tu b e 's  proximity to  the  sound in le t  tu b e 's  o r if ic e ,  A comparison 

of the O-nua p osition  e a r canal data  w iththe 5-ram e a r  canal data and with 

the tympanic membrane data shows th a t  th i s  e f fe c t  does not occur in  e a r  

canal measurements,- In th i s  regard , the Zwislocki coupler produced re s u lts  

which a re  more lik e  the data obtained in  -the ear canals -than d id  the 2-cc 

cav ity .
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I t  i s  seen in  Figure 21 (page 90) th a t the le v e ls  measured a t  

the p o s itio n  are  s u b s ta n tia lly  g re a te r  than the le v e ls  measured 1 mm 

from the tympanic membrane o r a t  the 0-mm p o s itio n . Hence, these data do 

not support Sachs' and BurWiard's recommendation, which was based only on 

coupler observations, th a t  probe-tube measurements in  e a r  canals be made 

a t  a j$-mm p o s itio n  in  o rder to  avoid adverse e f fe c ts  a sso c ia ted  with 

positions near the so u n d -in le t tu b e 's  o r if ic e .  These e f fe c ts  apparently  

do not occur in  the ea r canal.

I t  i s  a lso  seen in  Figure 21 th a t  a t  le a s t  f o r  ea r canals 

closed by an earmold th ere  a re  only s l ig h t  d iffe ren ces  between measure

ments made a t  a  mid-ear can a l p o sitio n  and measurements made a t  a  posi

t io n  near the tympanic membrane. No r e s u l ts  have been reported  in  the 

l i te r a tu r e  with which th ese  data  may be compared; however, Zwislocki 

made SPL measurements a t  two po sitio n s in  tlie open e a r  canal when the 

s u b je c t 's  head was placed in  a  sound-fie ld , (in s tead  of measurements 

made a t  the earmold t i p ,  measurements were made 0,9 cm from the entrance 

to  the ear canal, idaich, according to  Zw islocki, corresponds to  the t ip  

of in se r t  devices such a s  earm olds,) He found th a t  f o r  frequencies below

2 ,5  kHz sound pressure le v e ls  measured a t  the tympanic membrane were no 

d if fe re n t from those measured a t  the m id-ear canal p o s itio n . Above th a t 

frequency the  le v e l a t  the  tympanic membrane gradually  increased  r e la 

t iv e  to  the m id-ear canal p o s itio n  reaching a  d iffe ren ce  of 8 ,0  dB a t  

6 ,0  kHz (approximately th e  uppermost frequency of in te r e s t  in  th is  study). 

Figure 21 does not reveal such a  trend  fo r  the closed e a r  canal data 

reported  here .
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Sound Pressure Levels Developed In Ear Canals Compared 

with Sound Pressure Levels Developed 
In tlie Couplers

Figures 22, 23 and 24 allow  a  comparison among the sound pressure 

le v e ls ,  by frequency, developed in  the Zwislocki coupler, the 2-cc cav ity , 

and th e  human ear canals a t  each probe-tube p o s itio n . The coupler data 

obtained a t  the 0- and 3-mm p o sitio n s  (the numerical values appear in  

Appendix I I )  have been co rrec ted  fo r  the p robe-tube 's  frequency response. 

The coupler microphone numberical data a re  l i s t e d  in  Appendix I .  Data 

f o r  the 0- and 3-mm p o sitio n s  in  the ea r canals have previously  appeared 

in  Table 8 (page 86) while the data rep resen ting  measurements 1 mm from 

the tympanic membrane have been l i s t e d  in  Table 7 (page 83),

Figure 22 shows the ex trao rd inary  s im ila r i ty  between the sound 

pressure le v e ls  developed in  the Zwislocki coupler and the ea r canals 

Tdien the measurements a re  made in  the 0-mm p o s itio n . D ifferences 

between the  two se ts  of data  appear p rim arily  in  the frequency region 

below 1 ,6  kHz, From 1 ,6  to  4 ,0  kHz, the two curves e s s e n tia l ly  in te r 

tw ine, At 4 ,4  kHz and th ro u ^  3 ,6  kHz, the le v e ls  in  the Zwislocki 

coupler range from 0 to  4 dB g re a te r . At 6 ,4  kHz, the le v e l in  the 

Zw islocki coupler f a l l s  below th a t  in  the ea r canals by 5 dB, The le v e ls  

measured a t  the 0-mm p o s itio n  in  the 2-cc cav ity  f a l l  below the o ther two 

curves beginning a t  1,2 kHz, The d ifferences a re  r e la t iv e ly  constan t 

u n t i l  4 ,0  kHz where the d ifference  increases to  approximately 23 dB a t

5 ,6  kHz,

Figure 23 i s  a  graph of the same n atu re , except th a t  the data 

rep resen t le v e ls  observed a t  the 5-mm p o s itio n . As in  the previous f ig u re , 

th ere  i s  a  s tr ik in g  s im ila r i ty  between the ear canal data  and the  data



Figure 22, Sound p ressu re  le v e ls  observed a t  th e  0-mm p o s it io n  in  e a r  can als  
( t r i a n g le s ) ,  in  th e  Zw islocki co u p le r (c lo sed  c irc les_ j)and  in  th e  2 -cc  c a v ity  (open c i r c l e s ) ,  'g
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Figure 23 . Sound p re ssu re  le v e ls  observed a t  the  5-mm p o s it io n  in  e a r  
can a ls  ( t r i a n g le s ) ,  in  th e  Zw islocki co u p le r (c lo sed  c i r c l e s ) ,  and in  th e  2 -cc  c a v ity  
(open c i r c l e s ) .
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Figure 24. Derived sound p ressu re  le v e ls  1 ram away from th e  tympanic membrane 
( t r i a n g le s ) ,  and sound p re ssu re  le v e ls  observed 1 ram from th e  coup ler bottom in  th e  ^
Zw islocki co u p le r (c lo sed  c i r c l e s )  and in  th e  2 -cc c a v ity  (open c i r c l e s ) .  oo
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fo r  the Zwislocki coupler. Above 4 .0  kHz, the lev e ls  in  the e a r canal 

f a l l  below the Zwislocki coupler data  by 4 to  5 dB through 6,0 kHz, At 

the lower frequencies , le v e ls  measured a t  the p o s itio n  a re  very 

s im ila r  to  the lev e ls  measured a t  the 0-mm p o sitio n  in  the same measure

ment environment (see Figure 10, page 51)t Therefore, the d ifferences 

among the th ree  curves in  F igures 22 and 23 a re  approxim ately the same 

in  th is  frequency region. In the h igher frequencies, the le v e ls  ob

served a t  the  0-mm p o sitio n  in  the 2-cc  cav ity  diverge from those 

measured a t  the 5-mni p o s itio n  (see Figure 10), Therefore, the re la tio n 

sh ip  of the th ree  curves in  F igures 22 and 23 i s  not m aintained. This 

observation i s  probably a t tr ib u ta b le  to  the e ffe c ts  noted e a r l ie r  

a sso c ia ted  with lo ca tin g  the probe tube near the so u n d -in le t tube in  a  

hard-w alled cav ity .

Figure 24 shows the derived  frequency response 1 mm from the 

tympanic membrane (column 6 from Table 7) and the frequency responses 

as  recorded from the coupler microphones of the 2-cc cav ity  and the 

Zwislocki coupler. The SPL developed a t  the p o sitio n  near the tympanic 

membrane a re  c le a r ly  le s s  than those developed in  the Zwislocki coupler, 

(Appendix.V l i s t s  the d iffe ren ces  between sound pressure le v e ls  observed 

near the tympanic membrane and those observed a t  the analogous positions 

in  the Zwislocki coupler, ) This r e s u l t  would not have been an tic ip a ted  

on the b a s is  of the re la tio n sh ip s  revealed by the measurements a t  0-mm 

and 5-^11 (Figures 22 and 23) although as  expected, the data fo r  the 

p o sitio n  near the tympanic membrane a re  c le a r ly  g re a te r  than those 

developed near the 2-cc cav ity  bottom. Recall th a t the curve fo r  the 

measurements made 1 mm from the tympanic membrane was derived from the
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a lte rn a te  b inaural loudness balance re su lts  which were in  tu rn  based 

on a wholly d if fe re n t s e t  of physical measurements. I t  i s  unclear a t  

th is  time whether the data p lo tte d  in  Figure 24 rev ea l th a t  the method 

used was not s u f f ic ie n tly  accurate  or v a lid  in  some regard  or whether 

the d ifferences revealed in  Figure 24 are  r e a l ,  produced by some a s  y e t 

unrecognized e f fe c t .  F u rther in v estig a tio n  on th i s  p o in t w ill be 

required .

Previous d iscussion  in  th is  chapter pointed out th a t  Zwislocki 

(60, 6l )  observed the same d iffe ren ces  between a  m id-position and the  

tympanic membrane in  the open e a r  canal a s  he d id  in  the analogous loca

tio n s  in  the open Zwislocki coupler. The d ifferences f o r  the cu rren t 

study, based on the same measurement lo ca tio n s, in  the Zwislocki coupler 

(closed by an earmold) agreed very well with Z w islocki's  data . In  ea r 

canals (closed by an earm old), however, comparable d ifferences between 

the two measurement lo ca tio n s  were not observed in  the cu rren t study.

In order to  reconcile  fu r th e r  study of SPL a t  d if fe re n t measurement 

loca tions in  open and closed e a r canals w ill be necessary. Such r e 

search may be p a r tic u la r ly  inform ative in  view of Zw islocki's observa

tio n  th a t an e le c tr ic a l  analog of the ear canal based on acoustic  

impedance measurements in  c lo sed  e a r canals does not sim ulate the ac tu a l 

SPL d iffe rence  between m id-canal and tympanic membrane loca tions in  an 

open ear canal (60),

Of the several re p o rts  c i t in g  acoustic  performance d ifferen ces 

between the 2-cc coupler and human ear canals, the s tu d ies  of McDonald 

(34) , Zachman (59)» and Sachs and Burkhard (50) were conducted in  a 

manner which allows comparison with the re s u l ts  reported  fo r  the present
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in v es tig a tio n . In both s tu d ie s , the p ro l^ - tu b e 's  t i p  «as placed flu sh  

with the sound in le t  tube (analogous to  the  0-mm p o sitio n  in  th i s  s tudy ), 

McDonald's data (h is  Figure 11, p .7^) fo r  the d ifference  between the 

sound le v e l recorded a t  the coupler microphone and th a t  recorded a t  0-mm 

p o sitio n  in  the ea r canal a re  not more than 1 ,5  dE d iffe re n t from the 

values observed in  th is  study in  the frequency range from 1 ,0  through

4 ,0  kHz (4.0 Mz m s the uppermost frequency s tu d ied  by McDonald), The 

ea r canal versus 2-cc coupler data fo r  th i s  study a re  in  good agreement 

with data, derived in  the  same manner, repo rted  by Zachman,

D ifferences between aco u stic  measurements made in  e a r  canals 

and in  the 2-cc coupler were a lso  reported  by Sachs and Burkhard (50),

They made probe tube measurements in  ea r canals  with the probe-tube 

t i p  extended 5-=™ beyond the sound-in le t tu b e 's  o r if ic e .  The measure

ments made in  the ea r canal were compared to  le v e ls  recorded from the 

coupler microphone. Figure 25 shows th is  r e s u l t  (from th e i r  Figure 2) 

to g e th er with the analogous r e s u l t  observed in  the present in v e s tig a tio n . 

Except fo r  the frequencies below 2 ,8  kHz where d ifferences of from 2 ,0  

to  4 ,0  dB a re  seen, very good agreement between the re s u lts  of the two 

in v estig a tio n s  i s  apparen t.

Only one in v es tig a tio n  (Sachs and Burkhard) has compared sound 

pressure le v e ls  developed in  ea r  canals with sound pressure le v e ls  de

veloped in  the Zwislocki coupler when the sound pressures were developed 

by a hearing -a id  re  ce iver-earm old combination. Among other th in g s ,

Sachs and Burkhard measured sound pressure le v e ls  with the coupler 

microphone and observed the sound pressure le v e ls  5-n™ beyond the earmold 

t i p  in  ear canals . The cu rren t study is  in  good agreement with the l a t t e r



Figure 25. Sound p ressu re  le v e ls  observed from th e  2 -cc  coup ler microphone 
p lo t te d  r e la t iv e  to  th e  le v e l  observed a t  th e  5-™i p o s it io n  in  e a r  can a ls  f o r  t h i s  ^
in v e s tig a tio n  and f o r  the  in v e s t ig a t io n  of Sachs and BurMiard (50 • The s o l id  l in e  
re p re se n ts  th e  d a ta  rep o rted  by Sachs and Burkhard and th e  c lo sed  c i r c le s  re p re se n t 
th e  d a ta  f o r  t h i s  in v e s tig a tio n .
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study in  th is  regard as no d iffe ren ces  in  excess o f 2 .0  dB are  apparent 

through the frequency range from 1 ,6  to  6 ,4  kHz, At 0 ,8  and 1,2 kHz the 

lev e ls  obtained in  the p resent in v estig a tio n  a re  3 ,0  to  4 ,0  dB g rea te r 

than those obtained by Sachs and Burkhard,

A review of the l i t e r a tu r e  a lso  shows th a t ,  to  th is  d a te , the 

p resen t in v e stig a tio n  i s  the so le  attem pt to  compare couplers and ea r 

canals on the b asis  of sound pressure lev e ls  (developed by a  hearing- 

a id  receiver-earm old combination) a t  the tympanic membrane and a t  the 

analogous p o sitio n  in  couplers. There a re , th e re fo re , no s tud ies which 

are  d ire c tly  comparable on th is  p o in t. In a d d itio n , there are  no s tu d ies  

with vrtiich to  compare the d iffe ren ces  between the le v e ls  a t  or near the 

tympanic membrane and lev e ls  elsewhere in  the e a r  canal with the ea r 

canal occluded by an earmold.



CHAPTER V 

SUMMARY AND CONCLUSIONS

Acoustic couplers have Ijeen used f o r  a t  le a s t  th i r ty  years 

to  evaluate the performance c h a ra c te r is t ic s  of hearing a id s . The most 

commonly used device has a simple c y lin d ric a l shape and a  volume of 2 cc. 

This c av ity , along with severa l sound-input tube configurations, has been 

sp ec ified  f o r  use in  hearing-aid  rece iv e r  measurements by the American 

N ational Standards In s t i tu te  (2 ). Recently, a  more so p h is tica ted  de

vice has been suggested fo r  use in  assessin g  the acoustic  performance 

of hearing a id s .  In 1970» Zwislocki developed a coupler which a lso  is  

b a s ic a lly  a  c y lin d ric a l device, bu t, which in  ad d itio n  contains acoustic  

networks intended to  re p lic a te  the aco u stic  impedance of the human ear 

(60).

The 2-cc coupler, almost from the  time of i t s  development, was 

suspected of inadequately sim ulating the aco u stic  load of the human ear. 

Estim ates of the d ifferences between sound pressure lev e ls  developed in  

the 2-cc coupler and in  human e a r  canals v aried , but most estim ates 

agreed th a t  d iscrepencies were g re a te s t in  th e  frequency range above

1 ,0  kHz (16,25,3^»50»5^»58»59)« The d iffe ren ces  were variously  a t t r i 

buted to  d if f ra c t io n  of sound about the head (46), the resonance charac

t e r i s t i c s  of the ear canal (46), d iffe ren ces  in  acoustic  impedances
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between the coupler and ea r canals (^5 )» and leaks around the earmold 

idien placed in  the ear canal (^5 »50)*

More recen tly  Sachs and Burkhard (U9) showed th a t  the proximity 

of the  o r if ic e s  of the probe tube and the sound-in let tube in  a  2-cc 

cav ity  created  an adverse aco u stic  measurement s i tu a t io n . Expanding 

upon a  theory developed by Ingard (21), they a sse rte d  th a t  inertance 

spreading around the sound in le t  tube in te rac ted  with the s t i f fn e s s  of 

the a i r  in  the 2-cc cav ity  and c rea ted  a sharp drop in  sound pressure a t  

a  p a r t ic u la r  freq^uency. The frequency of the drop was dependent upon 

the lo ca tio n  of the probe-tube t i p .  They suggested f o r  e a r canal 

measurements th a t the probe-tube t i p  be extended a d istance  of _5-mm 

beyond the  earmold t i p  in  order to  avoid th is  a r t i f a c t ,

Zw islocki, a f te r  the development of h is  coupler, c a lled  fo r  

extensive measurements in  o rder to  provide d e f in itiv e  v a lid a tio n  of the 

new device (60), Since th a t  tim e, Sachs and Burkhard (50) reported  th a t  

the  sound pressure le v e ls  developed in  human e a r  canals and in  the 

Zwislocki coupler d iffe red  by no more than 3 ,0  dB in  th e  frequency 

range from 0,8 kHz to  7 ,5  kHz, However, Sachs and Burldiard added 

Z w islocki's  ear canal transform ations (between a  mid-canal lo ca tio n  and 

the tympanic membrane) to  th e i r  own e a r canal d a ta . They did not make 

measurements a t  the  tympanic membrane.

The purpose of th is  in v es tig a tio n  was to  compare the acoustic  

performance of a  hearing a id -re c e iv e r  placed on a 2-cc cav ity  and placed 

on a  Zwislocki coupler with the performance of th a t  same rece iv e r a ttached  

to  an earmold seated  in  the human ea r canal. This study was p a r tic u la r ly  

concerned concerned with the frequency region above 1 ,0  kHz,
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The acoustic  output of the re ce iv e r  a ttach ed  to  earmolds fo r  

frequencies in  the range from 0 .8  kHz to  6 .4  kHz was observed a t  th ree  

lo ca tio n s  in  the e a r canals  of e ig h t norm al-hearing l i s te n e r s .  One s e t  

of measurements was made w ith the  probe-tube t i p  term inated a t  the  t i p  

of the canal portion  of th e  earmold. Another s e t  of measurements was 

made with the probe-tube t i p  a t  a  p o in t 5 nm beyond the earmold t i p .

The th ird  s e t  of measurements involved a l te rn a te  b inaural loudness 

balance judgements to g e th e r with probe-tube measurements of the sound 

pressure le v e l a t  a  p o s itio n  1 mm from the  opposite tympanic membrane. 

This technique was u t i l iz e d  a s  a  means of deriv ing  the sound pressure 

le v e l a t  the eardrum of an e a r  occluded by an earmold.

ihe sound-pressure le v e ls  recorded a t  each of the probe-tube 

po s itio n s  in  the e a r canals were compared with those developed by the 

same receiver-earm old combination a t  the th ree  analogous p o s itio n s  in  

a 2-cc cav ity  and in  a  Zwislocki coupler. That i s ,  probe-tube measure

ments were made flu sh  with the earmold t i p ,  5 mm beyond the earmold t ip ,  

and 1 mm from the coupler bottom.

Results

Probe-Tube Location in  Ear Canals, in  the 2-cc Coupler, 
and in  the Zwislocki Coupler

Good agreement was seen among the observed re s u lts  a s  a  func

tio n  of probe-tube p o s itio n  in  the 2-cc cav ity  and the Zwislocki coupler 

used in  th is  in v e stig a tio n  and the th e o re tic a l  r e s u l t  provided by Sachs 

(47) , In ad d itio n  the measurement p o s itio n  data  of the cu rren t study 

fo r  the Zwislocki coupler a re  in  good agreement with the data reported  

by Zwislocki (60) . Furthermoire, the data which describes 2-cc cav ity
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and Zwislocki coupler d iffe ren ces  a t  various measurement positions are  

a ls o  in  good agreement with the data reported  by Sachs and Burkhard (50)»

For the 2-cc ca v ity , there  were no su b s ta n tia l d ifferences 

among the sound pressure le v e ls  measured a t  the th re e  probe-tube posi

t io n s  from 0 .8  Hîz to  2 .8  kHz. For frequencies above 2 .8  kHz, however,

SPL a t  both the j-mm and the 0-mm po sitio n s decreased a s  frequency was 

increased  re la t iv e  to  the le v e ls  measured 1 mm away from the coupler 

bottom, Sound pressure le v e ls  observed a t  the 0-mm p o sitio n  were much 

le s s  than those observed a t  the coupler bottom. At 6 .0  kHz, fo r  example, 

th e  probe-tube measurement a t  the 0-mm p o sitio n  was 22.5  dB le s s  than 

the  probe-tube measurement 1 ram from the coupler bottom.

For the Zwislocki coupler, there  were again  no su b s ta n tia l 

d iffe ren ces  among the sound pressure le v e ls  observed a t  the th ree 

probe-tube positions in  the frequency range from 0.8 to  2 .8  kHz. Above 

2 .6  kHz, sound pressure le v e ls  a t  the 5-mm p o sitio n  decreased very 

s l ig h t ly  with increased frequency re la tiv e  to  the sound pressure le v e ls  

observed 1 mm from the coupler bottom. The mxiraum d ifference  was 

approxim ately 2.5 dB, occurring a t  6 and 6.0 kHz.

The orderly  d iffe ren ces  a s  a function  of probe-tube location  

which were seen in  the coupler d a ta , were not seen f o r  ear-canal measure

ments. The sound pressure le v e ls  measured a t  the th ree  po sitio n s in  the 

e a r  canals were observed to  be most s im ila r  fo r  frequencies below 2,0  

kHz; however, the le v e ls  f o r  the  5-mm p o sitio n  were 2 .0  to  4 .0  dB 

g re a te r  than those fo r  the  tympanic membrane p o s itio n . From 2 .0  through 

4 ,8  kHz, the lev e ls  f o r  the 5-mm p osition  were markedly g rea te r  than fo r  

the tympanic membrane p o s itio n , and in  th is  same frequency range, the 0-mm
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data were very s im ila r to  the tympanic membiane d a ta . Above 4 ,8  kHz, 

the le v e ls  measured a t  the th ree  positions d id  not d i f f e r  to  a  remark

ab le  e x ten t.

The 2-cc cav ity  da ta  of the p resen t study support Sachs* and 

Burkhard*s extension of Ingard*s theory regarding the d is tr ib u tio n  of 

sound pressure in  c y lin d ric a l c a v it ie s .  I t  was noted th a t  marked probe 

tube p o s itio n  e ffe c ts  in  the 2-cc cav ity  occur because the 2-cc cav ity  

i s  purely  a  reac tiv e  device, th e re fo re , inertance asso c ia ted  with the 

sound in le t  tube in te ra c ts  with the s t i f fn e s s  of the cav ity  and, a t  some 

frequency, sound pressure decreases. On the o ther hand, the acoustic  

load o ffe red  by the Zwislocki coupler and by e a r  canals i s  both reac tiv e  

r e s i s t iv e .  Therefore, when the inertance and the s t i f fn e s s  cancel, 

p ressure does not decrease a s  much because of sound pressure developed 

across  the  r e s is t iv e  component. The Zwislocki coupler data  a re  f a r  le ss  

supportive of Sachs' and Burkhard*s theory and the data  co llec ted  in  

ear canals  lead  to  the conclusion th a t  the theory does not explain 

sound pressure measurements in  ea r canals, a t  le a s t  no t over the f r e 

quency range of in te re s t  in  th i s  study.

The data  obtained in  th is  in v estig a tio n  n e ith e r  re fu te  nor 

support Sachs' and Burkhard*s suggestion th a t  probe-tube measurements in  

e a r can a ls , th ro u ^  earmolds, be made a t  a  p o sitio n  5-mm beyond the ear

mold t i p .  While the m atter m erits fu r th e r  in v e s tig a tio n , the present 

data in d ica te  th a t  e s se n tia lly  the same r e s u l t  i s  obtained vdiether 

the probe tube i s  placed a t  a  0-mm p o sitio n  in  ear canals or a t  a 

p o s itio n  very near the tympanic mem^'- le .
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Sound Pressure Levels Developed In the Couplers and In
the  Ear Canals

The data show th a t  d if fe re n t r e s u l ts  a re  obtained fo r  comparisons 

between ea r  canals and couplers vdien the probe tube i s  placed a t  analogous 

p o s itio n s  in  the two environments. For example, when the sound pressure 

le v e ls  observed in  the 0-mm p o sitio n  in  the 2-cc cav ity  were compared to  

those lev e ls  observed a t  the  0-mm po sitio n  in  ea r  canals , the aco u stic  

le v e l in  the 2-cc cav ity  was s u b s ta n tia lly  lower than in  the ea r canals , 

p a r t ic u la r ly  in  the  frequency region above 2 ,8  kHz, This underestim ation 

of th e  a c tu a l le v e l by the 2-cc cav ity  r e s u l ts  from sound source and 

probe-tube proximity e f fe c ts .  In  ad d itio n , Then the sound pressure lev e ls  

observed in  the -̂mm p o s itio n  in  the 2-cc cav ity  were compared to  the 

sound pressure le v e ls  observed a t  the 5-mm p o s itio n  in  e a r  can a ls , the 

2-cc cav ity  again  provided an  underestim ation of the le v e l in  the ea r  

can a ls , although to  a le s s e r  ex ten t. This underestim ation may a lso  be 

a t t r ib u ta b le ,  in  p a r t ,  to  the  proximity of the probe tube to  the sound- 

in l e t  tube,

If/hen sound pressure lev e ls  developed in  the Zwislocki coupler 

and the sound pressure le v e ls  developed in  ea r  canals a re  compared on the 

b as is  of 0-mm measurements, ex ce llen t agreement i s  found. There i s  le ss  

s im ila r i ty  between the Zwislocki coupler and ea r  canal frequency r e s 

ponse based on the measurements, but good agreement between the 

two i s  s t i l l  maintained, Hhen the sound pressure le v e ls  developed in  ear 

canals are  measured from the coupler microphone (o r a t  a  probe tube posi

t io n  1 mm away from the coupler microphone Then probe tube a tten u a tio n  

c h a ra c te r is tic s  a re  co rrec ted ) and compared to  the sound pressure lev e ls  

recorded 1 ram from the tympanic membrane, the Zwislocki coupler appears 

to  overestim ate the sound pressure lev e ls  developed in  closed human ea r
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canals. I t  was specu lated  in  Chapter IV th a t  the reasons f o r  these 

d iffe rences may, in  p a r t ,  be a t t r ib u te d ,  a t  le a s t  in  a  general way, to  

the d ifferences between impedance measured in  a  closed cav ity  and imped

an ce  a c tu a lly  e x is te n t  in  an open ea r canal.

In conclusion, the data co lle c te d  in  cu rren t in v estig a tio n  

show th a t  the sound pressure le v e ls  developed in  the 2-cc cav ity  sub

s ta n t ia l ly  underestim ate the sound pressure le v e ls  developed a t  the th ree 

analogous p o s itio n s  in  the ear canals of human su b jec ts . Furthermore, 

sound pressure le v e ls  measured a t  the 0-mm and -̂mm p o sitio n s  in  the 

Zwislocki coupler a re  h ighly p red ic tiv e  o f measurements made a t  the 

analogous p o s itio n s  in  human e a r canals . However, le v e ls  measured from 

the microphone lo ca ted  a t  the bottom of the Zwislocki coupler appear to  

overestim ate the le v e ls  measured 1 mm from the tympanic membrane of 

human su b jec ts .

No o ther study has been repo rted  in  the l i te r a tu r e  which compared 

sound pressure le v e ls  developed in  couplers to  sound pressure le v e ls  gen

era ted  by the same hearing -a id  receiver-earm old system measured a t  a  

p o sitio n  near the tympanic membrane. I t  must be re c a lle d  th a t  the f r e 

quency response of the hearing-aid  receiver-earm old system rep resen ting  

measurements 1 mm from the tympanic membrane was derived on the b as is  of 

an a l te rn a te  b in au ra l loudness balance procedure. For some of the d i f f e r 

ences reported  in  th is  document, th e re fo re , the data  may r e f le c t  physical 

influences inheren t in  the method, Subsequently, p a r t ia l  re p lic a tio n  of 

th a t  po rtion  of th is  in v estig a tio n  i s  suggested because fu r th e r  v e r i f i 

ca tio n  of the e f fe c ts  of probe-tube p o s itio n  (idien the probe tube i s  

placed through an earmold) in  ear canals i s  re q u is i te  fo r  fu r th e r
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understanding and development of couplers which are  intended to  sim ulate 

the aco u stic  load presented  by the human e a r  canal.
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APPENDIX I

MEAN SOUND PRESSURE LEVELS FOR THE 2-C C  CAVITY AND 
THE ZWISLOCKI COUPLER ACROSS FREQUENCY AS 

MEASURED FROM T?IE COUPLER MICROPHONE

RHz
2-cc Cavity 

Mean
Zwislocki coupler 

Mean

0.8 114.3 117.9
1.2 112.7 118.6
1.6 102,6 112.3
2 .0 95.7 106.6
2 .4 93.6 104.3
2 .8 95.3 106.5
3.2 99.8 111.1
3 ,6 96.4 108.2
4 .0 94.3 106.4
4 .4 95.6 107.3
4 .8 87.7 101.8
5.2 80.8 95.2
5 .6 77.0 92.8
6.0 76,6 92.2
6 .4 74.6 91.0
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APPENDIX I I

MEAN SOmO PRESSURE LEVELS RECORDED FROM THE PROBE 
TUBE MICROPHONE AT THREE PROBE-TUBE POSITIONS 

IN THE 2-cc CAVITY AND IN THE ZWISLOCKI 
COUPLER (N=16 EARMOLDS)

kHz 2-cc Cavity Zwislocki Coupler
1 mm bottom 5 mm 0 mm 1 mm bottom 5 mm 0 mm

0.8 110.91 109.69 110.44 114.06 113.69 113.69
1.2 103.69 102.22 102.85 109.50 109.00 108.91
1.6 89.53 88.84 88.75 98.97 98.16 97.77
2 .0 82.16 80.65 80.88 91.84 90.66 89.94
2 .4 80.69 79.28 78.97 90.46 89.53 88.63
2 .8 86.66 84.56 84.28 96.50 95.66 94.13
3.2 92.97 91.97 89.84 102.13 101.72 99.16
3.6 81.31 80.75 77.53 92.44 90.94 89.03
4 .0 74.84 73.63 69.84 85.84 84.28 81.66
4 .4 73.47 71.88 66.72 84.19 82.66 79.94
4 .8 64.31 63.06 55.53 77.19 75.97 72.81
5.2 58.25 56.09 45.44 72.18 70.00 67.16
5.6 57.19 54.25 43.06 71.44 69.00 65.25
6 .0 60.41 57.25 47.85 74.00 71.22 66.44
6 .4 53.63 52.94 44.09 67.91 65.34 59.03
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APPENDIX I I I

PROBE-TUBE CORRECTION VALUES*, in  dB, 
BY FREQUENCY

kHz Probe-Tube Correction Value

0,8 3.5
1,2 9.0
1.6 13.5
2 ,0 14,0
Z A 13.5
2,8 9.0
3.2 7.5
3.6 15.5
4,0 20,0
4,4 22.5
4,8 24,0
5.2 22,0
5.6 21,0
6,0 17,0
6,4 22,0

*Rounded to  the n ea res t 0,5 dB, The v a lu e 's  derivation  is  
discussed in  the te x t ,  page 72 .
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APPENDIX IV

MEANS AND STANDARD DEVIATIONS OF THE COMPARISON 
SIGNAL LEVELS WHEN SET AT ADJUDGED EQUAL LOUD

NESS TO A 65 dB SIGNAL IN THE OPPOSITE EAR* 
(Corrected fo r  Probe-Tube Response)

Conditions A and C Conditions B and D 
kHz Mean S.D, Mean S.D,

0.8 65.5 4,96 66,1 4,72
1.2 66,8 9.10 63.0 2.80
1.6 69.4 6.37 63.5 4.78
2,0 66.6 7.30 62,5 5.54
2 ,4 69.5 8,64 62,1 3.05
2,8 68,3 9.75 62,5 6.30
3.2 67.4 11.85 67.0 5.00
3.6 69.8 5.80 66,3 3.91
4 ,0 68.5 8.19 64,2 6,68
4 ,4 67.7 6.79 68,7 7.69
4 ,8 69.4 9.33 71.1 4.71
5.2 69,5 12,37 70,6 5.50
5.6 65.5 10.26 70,2 8.38
6 ,0 63.6 7.23 67.8 9.17
6,4 63.8 4,89 70.7 7.93

*VJhen the reference was presented by the loudspeaker, the 
lev e l was s e t  a t  65 dB SPL 1 mm from the eardrum a t  each frequency. 
Conversely, when the s ig n a l was presented by the rece iv e r, the lev e l 
was s e t  a t  65 dB SPL a t  the t i p  cf the earmold a t  each frequency.
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APPENDIX V

DIFFERENCES (in  dB) BETWEEN SOUND PRESSURE LEVELS OBSERVED 
NEAR THE TYMPANIC I4EMBRANE (N=16) AND THOSE OBSERVED 

AT THE ANALOGOUS POSITIONS IN THE 2-cc 
CAVITY AND IN THE ZWISLOCKI 

COUPLER

Frequency
kHz 2-cc cav ity  vs. ea r canal Zwislocki coupler vs ea r canal
0,8 +4.0 +7.5
1.2 0.0 +5.9
1.6 -5 .3 +4.4
2 .0 -5 .8 +3.3
2 .4 -5 .7 +5.0
2 .6 -6 .8 +4,4
3.2 -7 .7 +3.6
3.6 -8 .4 +3.4
4 .0 -6 .4 +5.7
4 ,4 -2 .1 +9.6
4 .8 -6 .0 +8.1
5.2 -11.1 +3.3
5 .6 -11.1 +4.7
6.0 -10.5 +5.1
6 .4 -9 .9 +6.5


